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ABSTRACT 
ABSTRACT 
Modern semiconductor devices rely on the technologist's 
ability to introduce pre-determined amounts of impurity into 
precisely defined regions of a chip. It follows that any 
movement of impurities within the semiconductor must be 
carefully controlled or, at the very least, predictable. 
Whenever the chip is raised to a high temperature during 
processing, movement of impurities likely to occur. Sometimes 
the diffusion is deliberately initiated by the manufacturer, 
e.g. when an acceptor is diffused into n-type material in 
order to make p-n junction. On other occasions the diffusion 
occurs due to some subsequent processing step which require a 
heat treatment consequently, the modelling and simulation of 
diffusion processes is still an active area of research. 
Simple one dimensional diffusion theory may be used to 
model impurity diffusion in silicon. However, this approach 
is valid only in simple cases of low concentration (less than 
about 10 atoms/cc) diffusion under non-oxidising ambients. 
Many anomalies have been reported in practical cases of 
impurity diffusion in silicon. An attempt at understanding 
diffusion of Boron in silicon in cases of practical interest 
has been made and algorithms for some of the cases of the 
most important models of boron diffusion in silicon bulk have 
been developed. Some of the recently developed anomalies 
LI 
observed in diffusion of boron through pattern silicon have 
been investigated and a theory to explain these anomalies has 
been presented. 
Chapter 2 of the thesis deals with the diffusion 
studies of boron in silicon. The study is based upon the 
work presented in Literature. It has been observed that the 
diffusion profiles obtained experimentally seldom coincide 
with the simple diffusion theory. Many effects have been 
observed and adequate explanations have been given. The 
important observations include effect of oxidation on 
impurity redistribution, lateral diffusion effects, emitter 
push effect, and electric field effect etc. 
Chapter 3 deals with a detailed study of various 
anomalies observed in boron diffusion and various modelling 
attempts presented by many workers in the area. A critical 
review of these attempts has been made and some of the most 
promising attempts have been highlighted. It has been found 
that in cases of practical interest, the actual diffusion 
profiles of boron in silicon show a much large diffusion 
coefficient than predicted by simple diffusion theory. The 
profiles are flat-topped instead of complementary error 
function type with the onset of a kink. Diffusion under 
oxidising conditions becomes unisotropic and also results in 
redistribution of boron at the moving silicon-silicon dioxide 
boundary. Many attempts at modelling these effects have been 
Ill 
critically reviewed. It has further been observed from the 
reported literature that the presence of masking oxide 
surrounding a diffusion window also effects the diffusion 
through the window. Thus the profiles in patterned silicon 
become dependent upon the patterning geometry. These effects 
have been considered further in the coming chapters. 
Chapter 4 deals with the experimental study of the 
effect of masking oxide on boron diffusion. The summary of a 
carefully designed series of experiments using several multi-
layered structures consisting of thermal oxide, silicon 
nitride and silox is given below. 
The use of silicon nitride as the masking material in 
place of Si02 does not produce the discrepancy between 
resistor measurements and check slice measurements. 
A two layer structure as the mask consisting of a film 
of oxide on nitride does produce a discrepancy similar 
to the results reported earlier. 
If the surface of the masking oxide is covered by 
nitride the discrepancy reduces to a small value of 
about 6.5%. 
A small width of oxide left uncovered by nitride is 
enough to cause a discrepancy of about 1458. 
If the oxide is doped with boron prior to boron 
diffusion the discrepancy disappears. 
Chapter 5 deals with the development of quantitative 
models for boron diffusion in silicon bulk. A number of 
useful models proposed by various workers have been selected 
and a comprehensive software capable using these models has 
been developed. 
Chapter 7 deals with the surface diffusion model. An 
attempt is made to present a theoretical model based on 
surface diffusion of boron over silicon and silicon dioxide. 
The model assumes a high surface diffusion coefficient of 
boron over silicon. It is suggested that due to high 
solubility of boron in oxide, the concentration over oxide 
surface is reduced which results in concentration gradient 
near the oxide edge. Surface diffusion of boron atoms then 
takes place under the influence of this concentration 
gradient thereby removing some of the boron from the 
silicon window. However, in order to test the capability of 
suggested theory to explain the experimental results, simple 
kinetics have been assumed to describe the mechanism 
involved . The required data are selected to provide a 
reasonable fit to the experimental results. Numerical 
calculations are made and the model, after a few successive 
improvements, is found to be capable of quantitative 
explaining most of the experimental results. 
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Modern semiconductor devices rely on the technologist's 
ability to introduce pre-determined amounts of impurity into 
precisely defined regions of a chip. It follows that any 
movement of impurities within the semiconductor must be 
carefully controlled or, at the very least, predictable. 
Whenever the chip is raised to a high temperature during 
processing, movement of impurities likely to occur. Sometimes 
the diffusion is deliberately initiated by the manufacturer, 
e.g. when an acceptor is diffused into n-type material in 
order to make p-n junction. On other occasions the diffusion 
occurs due to some subsequent processing step which require a 
heat treatment consequently, the modelling and simulation of 
diffusion processes is still an active area of research. 
Simple one dimensional diffusion theory may be used to 
model impurity diffusion in silicon. However, this approach 
is valid only in simple cases of low concentration (less than 
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about 10 atoms/cc) diffusion under non-oxidising ambients. 
Many anomalies have been reported in practical cases of 
impurity diffusion in silicon. An attempt at understanding 
diffusion of Boron in silicon in cases of practical interest 
has been made and algorithms for some of the cases of the 
most important models of boron diffusion in silicon bulk have 
been developed. Some of the recently developed anomalies 
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observed in diffusion of boron through pattern silicon have 
been investigated and a theory to explain these anomalies has 
been presented. 
Chapter 2 of the thesis deals with the diffusion 
studies of boron in silicon. The study is based upon the 
work presented in Literature. It has been observed that the 
diffusion profiles obtained experimentally seldom coincide 
with the simple diffusion theory. Many effects have been 
observed and adequate explanations have been given. The 
important observations include effect of oxidation on 
impurity redistribution, lateral diffusion effects, emitter 
push effect, and electric field effect etc. 
Chapter 3 deals with a detailed study of various 
anomalies observed in boron diffusion and various modelling 
attempts presented by many workers in the area. A critical 
review of these attempts has been made and some of the most 
promising attempts have been highlighted. It has been found 
that in cases of practical interest, the actual diffusion 
profiles of boron in silicon show a much large diffusion 
coefficient than predicted by simple diffusion theory. The 
profiles are flat-topped instead of complementary error 
function type with the onset of a kink. Diffusion under 
oxidising conditions becomes unisotropic and also results in 
redistribution of boron at the moving silicon-silicon dioxide 
boundary. Many attempts at modelling these effects have been 
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critically reviewed. It has further been observed from the 
reported literature that the presence of masking oxide 
sur-ounding a diffusion window also effects the diffusion 
through the window. Thus the profiles in patterned silicon 
become dependent upon the patterning geometry. These effects 
have been considered further in the coming chapters. 
Chapter 4 deals with the experimental study of the 
effect of masking oxide on boron diffusion. The summary of a 
carefully designed series of experiments using several multi-
layered structures consisting of thermal oxide, silicon 
nitride and silox is given below. 
The use of silicon nitride as the masking material in 
place of Si02 does not produce the discrepancy between 
resistor measurements and check slice measurements. 
A two layer structure as the mask consisting of a film 
of oxide on nitride does produce a discrepancy similar 
to the results reported earlier. 
If the surface of the masking oxide is covered by 
nitride the discrepancy reduces to a small value of 
about 6.5%. 
A small width of oxide left uncovered by nitride is 
enough to cause a discrepancy of about 14X. 
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If the oxide is doped with boron prior to boron 
diffusion the discrepancy disappears. 
Chapter 5 deals with the development of quantitative 
models for boron diffusion in silicon bulk. A number of 
useful models proposed by various workers have been selected 
and a comprehensive software capable using these models has 
been developed. 
Chapter 7 deals with the surface diffusion model. An 
attempt is made to present a theoretical model based on 
surface diffusion of boron over silicon and silicon dioxide. 
The model assumes a high surface diffusion coefficient of 
boron over silicon. It is suggested that due to high 
solubility of boron in oxide, the concentration over oxide 
surface is reduced which results in concentration gradient 
near the oxide edge. Surface diffusion of boron atoms then 
takes place under the influence of this concentration 
gradient thereby removing some of the boron from the 
silicon window. However, in order to test the capability of 
suggested theory to explain the experimental results, simple 
kinetics have been assumed to describe the mechanism 
involved . The required data are selected to provide a 
reasonable fit to the experimental results. Numerical 
calculations are made and the model, after a few successive 
improvements, is found to be capable of quantitative 
explaining most of the experimental results. 
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CHAPTER-1 
CHAPTER 1 
INTRODUCTION 
The fabrication of a planar silicon bipolar transistor 
involves a sequence of steps which selectively change the 
electrical properties of the starting material. These steps 
for a typical n-p-n transistor are shown in figure 1-1. The 
polished, clean, n-type, uniformly doped (typically 10 -
10 atoms/cm ), silicon wafers are first oxidised to form 
a thin layer (typically 0.5 jjm) of silicon dioxide at the 
wafer surface. The oxide is then selectively etched to open 
windows in the regions where transistor bases are to be 
formed. The dimensions of these windows are of the order of 
several tens of microns. The base dopant, usually boron is 
then diffused through these windows to form a p-n junction 
in si lion. During diffusion, a layer of oxide is grown over 
the windows. The emitter regions are then defined by opening 
yet smaller windows in the oxide. The emitter dopant, usually 
phosphorus, is then diffused through these regions. The n-
type wafer itself forms the collector of the transistor. To 
make contact with various regions, windows are opened in the 
oxide, aluminium is then evaporated and a contact pattern is 
etched out. 
In order to monitor the diffusion steps, the most 
common and convenient method is to put 'check' slices along 
with the wafers during each diffusion step. Four-point probe 
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(1) measurements are then made on these check slices to give 
sheet resistivity after each step. The sheet resistivity 
thus obtained is a measure of the total number of impurities 
per unit area of the diffused layer formed. 
One of the key features of the above process is to 
define precisely the regions in which various impurities are 
to be diffused and to mask off the other regions against the 
diffusion of these impurities. Luckily, the silicon dioxide 
acts as an effective mask against the diffusion of commonly 
used impurities, e.g., Boron, Phosphorus, Arsenic, etc. The 
reason is an order of magnitude slower rate of diffusion of 
these impurities through the oxide compared to that into the 
si 1 icon. 
The Bipolar junction transistor is the basic device in 
any integrated circuit. The properties of the transistor play 
a dominant role in the determination of circuit performance 
of any IC. The transistor characteristic is controlled by 
impurity profiles which in turn depends upon process 
parameters. 
As a result of this, a complete understanding of 
various fabrication steps is becoming more and more 
important. In particular, the rapid advancement in the fields 
of LSI/VLSI technology and the resulting complexities 
greatly enhance the need of proper modelling and simulation 
of the fabrication processes. Various models developed so 
far do not give satisfactory results in all cases of 
practical interest and are, therefore, of limited usefulness. 
As a result of this even the most advanced technologies of IC 
fabrication rely heavily on trial and error. Various workers 
in the area of solid state device fabrication have been 
working since long to develop accurate process models. 
Simple one-dimensional diffusion theory was earlier 
used to model diffusion of commonly used impurities n^ 
silicon. It has however been observed that the experimentally 
observed profiles seldom agree with the theoretically 
predicted ones for concentrations higher than intrinsic 
carrier concentrations. Many deviations and anomalies have 
been observed, reported and analyzed by several workers. In 
the case of diffusion of boron in plain silicon these 
anomalies change the profile shapes drastically making the 
simple one dimensional diffusion theory unrealistic. The 
work of a large number of workers in the field has resulted 
in the presentation of a number of models for diffusion of 
impurities in silicon. 
Boron being a universal dopant for p-type doping in 
silicon, has been selected. A thorough study of various 
models has been made. Some of the proposed models have been 
selected for detailed study and actual computer program for 
them have been written. 
It has further been observed that in case of diffusion 
of boron through patterned silicon, the impurity diffusion is 
influenced by the presence of oxide surrounding a diffusion 
window. This is a relatively unnoticed effect and has 
therefore been chosen for detailed study. An attempt has 
been made to develop a theory for explaining the observed 
effects. This has been done on the basis of a carefully 
designed series of experiments. A comprehensive software has 
been developed for determining impurity profiles of boron in 
silicon taking almost all the known anomalies and effects 
into account including the effect of masking oxide. 
CHAPTER-2 
CHAPTER-2 
DIFFUSION OF BORON IN SILICON 
2.1 Introduction 
Modern semiconductor devices rely on the 
technologist's ability to introduce predetermined amounts of 
imourity into precisely defined regions of a chip. It follows 
that any movement of impurities within the semiconductor must 
be carefully controlled or, at the very least, predictable. 
Whenever the chip is raised to a high temperature during 
processing, movement of impurities is likely to occur. 
Sometimes the diffusion is deliberately initiated by the 
manufacturer, e.g. when an acceptor is diffused into n-type 
material in order to make p-n junction. On other occasions 
the diffusion occurs due to some subsequent processing step 
which requires a heat treatment. This latter 'accidental' 
diffusion is becoming of increasing importance as the 
dimensions of individual devices in integrated circuits are 
decreased. 
The aim of the diffusion studies is to develop improved 
models from experimental data for predicting diffusion 
results from theoretical analysis. The ultimate goal of 
diffusion studies is to calculate the electrical 
characteristic of a semiconductor device from the processing 
parameters. 
Diffusion theories have been developed from two major 
approaches, namely, the continum theory of Pick's diffusion 
equation and the atomistic theory which involves interactions 
between point defects, vacancies and interstitial atoms and 
impurity atoms. The continum theory describes the diffusion 
phenomenon from the solution of Pick's diffusion equation 
with appropriate diffusivities. The diffusivities of dopant 
element can be determined from experimental measurements, 
such as surface concentration, junction depth, or the 
concentration profiles, and the solutions of Pick's diffusion 
equation. The solution of Pick's diffusion equations gives 
good results in low concentration regions of impurities. When 
impurity concentrations are high, the diffusion profiles 
deviate from the predictions of simple diffusion theory and 
the impurity diffusion is affected by other factors which 
are not considered in Pick's simple diffusion laws. In such 
cases, we apply Pick's diffusion equation with concentration 
dependent diffusivities. 
2.2. Nature of diffusion: 
Solid state diffusion is a process by which atoms move 
in a crystal lattice. This is done to change the electronic 
properties of the material. The diffusion process depends on 
a number of factors such as, temperature, concentration 
gradient, crystal orientation, defect concentration etc. 
Usually diffusion is done at a very high temperature ranging 
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from 900°C to 1200°C. The movement of atoms in the lattice 
takes place in a series of random jumps. These jumps occur in 
all the three dimensions and a flux of diffusion species 
result, if there is a concentration gradient. The mechanisms 
by which these jumps may take place are the following: 
2.2.1. Vacancy Diffusion 
Diffusion in a solid can be visualized as atomic 
movement of the diffusant in the crystal lattice by vacancies 
or self interstitials. At elevated temperatures the lattice 
atoms vibrate around the equilibrium lattice sites. 
Occasionally a host atom acquires sufficient energy to leave 
the lattice site, becoming an interstitial atom and creating 
a vacancy. When neighbouring atom (either the host or 
impurity atom) migrates to the vacancy sites, the mechanism 
is called diffusion by vacancy. If the migrating atom is a 
host atom, the diffusion is referred to as self diffusion, 
if it is an impurity atom, the diffusion is referred to as 
impurity diffusion, 
2.2.2 Interstitial Diffusion 
If an interstitial atom moves from one place to another 
without occupying a lattice site, the mechanism is 
interstitial diffusion. An atom smaller than the host atom 
often moves interstitial ly. The activation energies required 
for diffusion of interstitial atoms are lower than those for 
diffusion of lattice atoms by vacancy mechanism. 
2.2.3. Extended Interstitial Diffusion 
Sometimes the atomic movement of interstitial atom 
disDlaces a lattice atom, which in turn becomes an 
interstitial atom. This is an example of extended 
interstitial mechanism, sometimes called the "interstitialcv" 
mechanism. 
2.3. Simple One-Dimensional Diffusion Equation 
The Pick's one-dimensional diffusion theory is based on 
the analogy between material transfer in a solution and 
heat transfer by conduction (2,3). Pick assumed that in a 
dilute liquid or gaseous solution convection, the transfer of 
solute atoms per unit area in one dimensional flow can be 
expressed by the following equation: 
^C(x,t) 
J = - D ... (2.3-1) 
Where J is the diffusion flux, C is the concentration of 
solute, X is the Co-ordinate axis in the direction of flow, t 
is the diffusion time, and D is the diffusivity. The above 
mentioned equation is called Pick's first law of diffusion. 
From the law of conservation of matter, the change of 
solute concentration with time must be the same as the local 
decrease of diffusion flux, that is, 
10 
7)C(x.t) •^J(x,t) 
= _ ._ (2.3-2) 
^t ^x 
Elimination of J from equation (2.2-1) and (2.2-2) yields 
Pick's second law of diffusion in one dimensional form: 
7;)C(X.t) ;^ >,C(X.t) 
= — [D ] ... (2.3-3) 
"51 >;• X > X 
When the concentration is low, the diffusion coefficient 
(diffusivity) can be described as constant and equation 
(2.2-3) becomes 
•^C(x,t) -^ C^ (x,t) 
= D ... (2.3-4) 
^t ^ x 2 
Equation (2.3-4) is often referred to as Pick's simple one-
dimensional diffusion equation. Solutions for equation 
(2.3-4) with various simple initial and boundary conditions 
have been obtained (4,5). 
2.3.1. Ideal Diffusion Theory 
Solid state diffusion is one of the most practical ways 
of achieving desired concentration of dopants in silicon. 
Usually the diffused layers are formed in a two step process. 
In the first step, known as the 'deposition' or 'pre-
deposition' steo, a thin layer of dopant, typically a few 
tenths of a micron, is formed with the help of diffusion 
source. The source is then removed and the thin layer is 
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f u r t h e r d i f f u s e d t o g i v e a r e q u i r e d c o n c e n t r a t i o n 
d i s t r i b u t i o n i n t he s i l i c o n . T h i s s t e o i s known as t h e 
' d r i v e - i n ' d i f f u s i o n s t e p . 
Simole-one-dimensional d i f f u s i o n theory may be used to 
study the d i f f u s i o n k i n e t i c s o f va r i ous i m o u r i t i e s , both in 
the case of deoos i t i on as w e l l as d r i v e - - i n . I f C ( x , t ) i s the 
i m p u r i t y concen t ra t i on per u n i t volume at a d i s tance ' x ' and 
t ime ' t ' , then the d i f f u s i o n may be d e s c r i b e d ( 3 ) by t h e 
e q u a t i o n , 
^ c fc 
— = D - ~ - . . . ( 2 . 3 - 5 ) 
^ t ^ x 2 
where D is a constant known as diffusion conefficient. This 
equation is known as the diffusion equation. 
In the case of pre-deposition, the diffusion is usually 
done under the conditions of constant surface concentration 
(1), equal to the solid solubility limit Cg. Accordingly, the 
impurity distribution may be determined by solving the 
diffusion equation, subject to the following initial and 
boundary conditions: 
C (o,t) = C3 ... (2.3-6) 
C (oO,t) = 0 ... (2.3-7) 
C {x,0) = 0 ... (2.3-8) 
The resulting solution (2) is 
C (x,t) = Cg erfc x/fZ^/Dt) ... (2.3-9) 
The factor 2 -yot is known as the 'diffusion length'. 
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In the case of drive-in, the total number of impurity 
atoms per unit area of the diffused "ayer may be assumed 
constant (1)-
Thus, the initial and boundary conditions are: 
= 0 ... (2.3-10) 
"^^J(o,t) 
C ( oo ,t) = 0 ... (2.3-11 ) 
C (x,o) = Cg erfc x/iZ^Dt)^^^ ... (2.3-12) 
Where C (x,o) represents the impurity distribution just 
before drive-in which would be the distribution after the 
pre-deposition step. The solution of the diffusion equation 
subject to these initial and boundary conditions is difficult 
to obtain analytically. If the initial distribution C(x,o) 
is approximated by a delta function, the solution becomes, 
^ 2 
C (x,t) = — - exp (-x'^  /4Dt) ... (2.3.13) 
vAot 
Where Q is the total number of impurity atoms in silicon 
after pre-deposition. 
This is the well-known 'Gaussian' distribution. The 
delta function approximation made here is justified provided 
VDt for pre-deposition is much smaller than VDt for drive-
in, In practice, this condition is usually met. It has been 
shown (1), by obtaining the exact solution without making the 
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d e l t a f u n c t i o n app rox ima t ion , t h a t f o r va lues o f the r a t i o 
( \ /Dt) j jgp/ (v'Dt)^j^^^Q_^p, as la rge as 0 .25 , the d e l t a f u n c t i o n 
approx imat ion prov ides an e x c e l l e n t f i t . I t i s on ly when t h i s 
r a t i o approaches u n i t y t h a t the d e l t a f u n c t i o n approx imat ion 
s t a r t s g i v i n g la rge e r r o r s . 
2 . 3 . 2 . Concen t ra t ion Dependent D i f f u s i v i t i e s 
The s i m p l e a t o m i c mechan ism a r e n o t a d e q u a t e f o r 
d e s c r i b i n g t h e d i f f u s i o n when c o n c e n t r a t i o n s a re h i g n . 
D i s l o c a t i o n o r o t h e r i m p u r i t i e s a r e p r e s e n t a t h i g h 
c o n c e n t r a t i o n s . I n such cases, the measured i m p u r i t y p r o f i l e s 
dev ia te from equat ion ( 2 . 3 - 9 ) t o (2 .3 -13 ) and the impur i t y 
p r o f i l e can be r e p r e s e n t e d by c o n c e n t r a t i o n d e p e n d e n t 
d i f f u s i v i t i e s . Equa t i on ( 2 . 3 - 3 ) i s used t o d e t e r m i n e t h e 
concen t ra t i on dependent d i f f u s i v i t i e s f rom exper imen ta l l y 
measured concen t ra t i on p r o f i l e s i n the f o l l o w i n g cases: 
2 . 3 . 2 . 1 Constant Surface Concentration 
I f d i f f u s i v i t y D i s on ly a f u n c t i o n o f concen t ra t i on C 
and t h e s u r f a c e c o n c e n t r a t i o n i s m a i n t a i n e d a t a c o n s t a n t 
v a l u e , equat ion ( 2 . 3 - 3 ) can be t ransformed i n t o an o rd ina ry 
d i f f e r e n t i a l equat ion (4) w i t h a new v a r i a b l e h, where 
X 
h = — . . . (2 .3 -14) 
Thus both c and D depend on x implicitly. Substituting the 
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value of n in equation (2.3-3), following equation can be 
obtained. 
f do 
D(c) = -1/2 y^  dc / — ... (2.3-15) 
d \ 
0 
The Drocess i s t h e r e f o r e t o p l o t out an exoer imenta l l y 
determined p r o f i l e and a t some concen t ra t i on C< measure the 
s lope and area under the p r o f i l e . Equat ion (2 .3 -15 ) i s then 
used t o c a l c u l a t e t h e v a l u e o f d i f f u s i o n c o e f f i c i e n t 
cor responding t o C^ (6 ) . 
I n t h i s way , t h e d i f f u s i o n c o e f f i c i e n t can be 
determined over the whole range o f concen t ra t i on covered by 
the p r o f i l e . 
2 . 3 . 2 . 2 Constant Total Dopant 
I n most dev i ce f a b r i c a t i o n s , t h e d i f f u s i o n i s done 
a f t e r t he i n t r o d u c t i o n o f i m p u r i t y i n t o s i l i c o n , t h u s , 
e q u a t i o n ( 2 . 3 - 1 5 ) can n o t be used t o d e t e r m i n e t h e 
c o n c e n t r a t i o n d e p e n d e n t d i f f u s i v i t y f r o m t h e measured 
concen t ra t i on p r o f i l e s under such c i rcumstances . Equat ion 
(2 .3 -14 ) i s s u i t a b l e f o r the de te rm ina t i on o f d i f f u s i v i t y , a t 
h igh c o n c e n t r a t i o n , on ly f o r the p r e - d e p o s i t i o n s tep . For the 
d r i v e - i n case t h i s e q u a t i o n i s n o t v a l i d . An a l t e r n a t i v e 
e x p r e s s i o n i s used t o remove t h e c o n s t a n t s u r f a c e 
concen t ra t i on and i t i s rep laced by a requirement t h a t the 
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total concentration of dopant remain invariant with diffusion 
time (ie. constant total dopant) (7,8). This reauirement is 
expressed as 
X 
Q = 7 C (x,t) dx = constant ... (2.3-16) 
where Q is the total dopant per unit area in the diffused 
layer ana is independent of the diffusion time. Equation 
(2.3-16) has been applied to the redistribution diffusion of 
Arsenic -Prom an ion implanted layer (9). The expression for 
determining the diffusion coefficient from the concentration 
profile is given by (6). 
C (x^.t) -C (XQ.t)^o 
D [ if 3 = ° ir_ ,_ (2.3-17) 
Cs 2t [dc/dx3^,^o 
Where Cg i s the sur face c o n c e n t r a t i o n , x^ i s the l o c a t i o n at 
which D i s determined and (dc/dx)^^-^^^ i s t he concen t ra t i on 
g r a d i e n t at X=Xo. 
2 . 3 . 3 . Temperature Dependence of D i f f u s i v i t i e s 
The t e m p e r a t u r e d e p e n d e n c e o f t h e d i f f u s i v i t i e s 
d e t e r m i n e d e x p e r i m e n t a l l y o v e r a r a n g e o f d i f f u s i o n 
temperature can be represented by the equa t ion 
D = Do e"^^/'^"'" . . . (2 .3 -17) 
Where D^ i s t he f r equency f a c t o r ( i n c m ^ / s ) , E^ ^ i s t h e 
a c t i v a t i o n energy ( i n eV) , T i s the temperature ( i n K e l v i n ) , 
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K is Boltzmann constant (in eV/Kelvin). Thus when D is 
plotted against 1/T on semi logarithmic co-ordinates, D is a 
straight line with slope Ea/KT. From the atomic diffusion 
theories involving the defect - impurity interactions, D^ is 
related to the atomic jumping frequency or the lattice 
vibration frequency. The activation energy E^ -s related to 
the energies of motion and energies of -Pormation of defect -
impurity complexes. 
Thus measuring the diffusivity as a function of 
temoerature, it can be determined whether the diffusion is 
dominated by interstitial or vacancy mechanism. 
2.4 Atomic Diffusion Mechanism 
To understand the diffusion process at high 
concentration levels and the physical mechanisms for the 
impurity diffusion at various concentration levels, atomic 
models of solid state diffusion have been proposed and 
compared with experimental measurements. The atomic mechanism 
of solid state diffusion was established from the diffusion 
study in metals. The vacancy mechanism is most probable in a 
cubic face centered crystal (9). Diffusion in silicon can be 
described by mechanisms involving impurity and point defect 
interactions with the point defects at different charge 
states. 
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It can be shown (10) that any "flow" in a semiconductor 
lattice can usually be represented by a series of energy 
•f — 2 *? 
levels, in the sequence E , E , E , E -, in addition to 
being neutral. In general all deep levels as well as 
vacancies, exhibit on or more of these charge states, al" in 
this sequence. Let us assume that vacancies can oe 
represented in this way, corresponding to V"*", V~, V , '''"", 
in addition to V° for the sake of specificity. 
Consider the dilute case, where an extremely small 
amount of impurity diffuses in the Zincblende lattice. 
Diffusion under this condition can be characterized by 
intrinsic diffusion coefficients, D.j°, D^"*", D.j~, D^^~ and 
D^ "^ ~, where these terms are associated with I-V°, I-V"*", I-v~, 
I-V^ ~ and I-V^ ~, pair interaction respectively (I represents 
the impurity). It follows that overall intrinsic diffusivity 
is given by 
D^  = 0.5 [ D^° + D^ "^  + D^" + 0^2- + D.j2"] ... (2.4-i) 
Where 0.5 is a correlation factor for tracer self diffusion 
in the zincblende lattice. 
Diffusion under extrinsic conditions result in a 
displacement of the Fermi level and a change in the 
concentration of the various defects species. Consequently, 
the diffusivity for this condition is given (11) by 
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+ D."" — - — + D." 
[V ° ] ^ [ V ] ^ [ V - ] ^ 
D = Di°  ^ ^   
Di ~ p + D -^^  . . . ( 2 . 4 -2 ) 
I t must be " " ecogn i sed t h a t t h e n e u t r a l v a c a n c y 
c o n c e n t r a t i o n remains the same throughout the semiconductor, 
s i n c e i t i s u n a f f e c t e d by t h e e l e c t r i c f i e l d due t o t h e 
i m p u r i t y c o n c e n t r a t i o n g r a d i e n t . I t f o l l o w s t h a t t h e 
e x t r i n s i c concen t ra t i on o f n e u t r a l vacancies w i l l be equal 
t o the concen t ra t i on in the i n t r i n s i c m a t e r i a l , which i s on ly 
a f u n c t i o n o f t e m p e r a t u r e . On t h e o t h e r h a n d , t h e 
c o n c e n t r a t i o n o f t h e v a r i o u s i o n i z e d s t a t e s i s s t i l l 
determined by the p o s i t i o n o f the Fermi l e v e l , so t h a t the 
t o t a l d e f e c t c o n c e n t r a t i o n c h a n g e s w i t h s h i f t s i n i t s 
p o s i t i o n . 
The ion ized vacancy r a t i o can be determined using the 
law o f mass a c t i o n . Thus e x t r i n s i c d i f f u s i o n i s cha rac te r i zed 
by 
D=D.j°+D.j^ ( ~ ) + D^  ( ~ ) + D.j2 ( — ) 2 + D.3 (__)3 . ( 2 . 4 - 3 ) 
" i " i " i " i 
T h i s e q u a t i o n i s f u r t h e r m o d i f i e d by a f i e l d 
enhancement f a c t o r which t a k e s i n t o c o n s i d e r a t i o n t h e 
i n t e r n a l l y genera ted e l e c t r i c f i e l d t e r m ( w h i c h i s o f t e n 
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i gno red i n d i f f u s i o n c a l c u l a t i o n s ) . Thus t h e e f f e c t i v e 
d i f f u s i v i t y i s g iven by 
D^f^ - n [D^° + D "^^  ( p / n ^ ) + D^' ( n /n^ ) + D^^- ( n / n . ) 2 
+ D^^~ ( n / n ^ ) ^ ] . . . ( 2 . 4 - 5 ) 
where 
h = 1 + [1 + ( ) ] ^^^ . . . ( 2 .4 -5 
and N is the volume concentration of diffusant. 
Not all these terms apply to every situation, so that 
only relevant terms must be considered. 
It is seen that only I-V interactions are present 
during the diffusion of P-type impurities, since the Fermi 
level is close to the valence band edge. By the same 
reasoning, the diffusion of n-type impurities is dominated by 
interactions with the negatively charged species. This 
eauation is simplified when applied to specific diffusion 
situation. 
2-5 Evaluation Techniques for Diffused Layers 
A number of measurements are required in the evaluation 
of diffused layers. Some of the important techniques used in 
practice are discussed below: 
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2.5.1. Junction Depth 
Routine evaluation of diffused layers is relative'/ 
simple if diffused layer forms a p-n junction with tne 
underlying substrate. The depth of the junction (Xj) can be 
delineated by grooving into the semiconductor and etching the 
surface with a solution which reacts selectively with the t-vo 
sides of the junction, thus resulting in a colour vanafon 
between p and n sides. With the aid of the interference 
fringe techniaue of Tolonsky (12), the junction depth can oe 
measured accurately from 0.5 to over 100 ^ m. 
2.5.2 Sheet Resistance 
It is not possible to specify resistivity of a diffused 
layer, because it is not homogeneous. For a layer of th-s 
type, a sheet resistance is more appropriate. The sheet 
resistance of a diffused layer can be measured by a four 
point probe technique. A geometric correction factor is 
required to convert the measured resistance V/I into sheet 
resistance. This factor is a function of sample size, shace 
and the probe spacings. The sheet resistance Rg is given by: 
Rg = C.F. ... (2.5-1 
V 
I 
where Rg i s the sheet . res i s tance of a d i f f u s e d layer in 
( - ^ / O ) , V is the measured dc voltage across the voltage 
probes ( i n v o l t s ) . I i s the cons tan t dc c u r r e n t passing 
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t h r o u g h t h e c u r r e n t p r o b e s ( i n a m p e r e s ) , C . F . i s t h e 
c o r r e c t i o n f a c t o r . 
For a d i f f u s e d l a y e r , an average sheet r es i s t ance Rg 
i s r e l a t e d t o the j u n c t i o n depth x^ , the c a r r i e r m o b i l i t y j j 
and t h e i m p u r i t y d i s t r i b u t i o n C ( x ) by t h e f o l l o w i n g 
express ion 
1 
Rg = . . . ( 2 .5 -2 ) 
q I )jc (x ) dx 
o 
The depletion of charge carriers near Xj can be neglected in 
the above calculation. In general, the mobility is a function 
of the total impurity concentration. An effective mobility 
often be defined as: 
i^ 
r JJ CC(x)] C(x)dx 
o 
;UQ^^ = ... (2.5-4) 
X 
'C(x) dx 
/ ' 
o 
Equation (2.4-2) can be expressed as: 
1 
Rg = ... (2.5-4) 
x 
q ji^ff f C(x) dx 
Where q is the electronic charge. 
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For a given profile, the average resistivity \=RgXj is 
uniquely related to the surface concentration of the diffused 
layer and the substrate dopant concentration for an assumed 
diffusion profile. Design curves relating to the surface 
concentration and the average resistivity (or the average 
conductivity) have been calculated for simple diffusion 
profiles, such as exponential, Gaussian or erfc distribution. 
They are often called Irvin curves (13). For high 
concentrations and shallow diffusions, the diffusion profiles 
can not be presented by these simple functions. The measured 
sheet resistance and junction depth can not be used to find 
the impurity surface concentration or calculate the 
diffusivities of the diffusion layer with the Irvin curves. 
2.6 Deviation from Simple One-Dimensional Diffusion Theory: 
The one dimensional diffusion model discussed earlier 
gives good results only in the low concentration region of 
impurities. When the impurity concentration is high the 
diffusion profiles deviates from the prediction of one -
dimensional diffusion model. A large no. of deviations have 
been reported, few of them are reported below: 
2.6.1 Effect of Oxidation on Impurity Redistribution 
It has been found (14) that impurities in silicon will 
be redistributed near a growing oxide, that requires that 
some of the substrate silicon is incorporated into the 
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silicon dioxide film as the process continues. The impurity 
atoms which were present in the layer of silicon must 
therefore be redistributed between the silicon dioxide and 
the remaining silicon. The redistribution depends upon the 
relative solubility of the impurity in silicon and silicon 
dioxide. In the case of boron the impurity is more soluble in 
oxide than in silicon. As a result, the concentration of 
boron on silicon side of the silicon-silicon dioxide 
interface is reduced. This process, known as the gattering, 
is often employed to reduce the total number of impurities 
during the drive-in step in order to increase the final sheet 
resistivity. A danger implicity in boron gattering is the 
possibility of inversion of the impurity type of a highly 
boron doped surface to n-type because of the surface 
depletion of boron. To avoid inversion, the surface 
concentration of boron profiles must remain relatively high. 
For this reason, base and resistor of p-type diffusion sheet 
resistances are limited to approximately 200 ohm per square. 
Huang and Welliver (15) have investigated the problem 
of boron redistribution during the oxide growth, and have 
found that in extreme cases as much as 80* of the 
predeposited boron can dissolve in oxide. 
The opposite effects are impurity build up in the 
silicon, occurs when the impurity is less soluble in silicon 
dioxide than in silicon. This situation which pertains to the 
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case of phosphorous cause the so called "snowplow" effect 
and leads to a steadily increasing surface concentration as 
oxide growth proceeds. 
2.6.2 Lateral Diffusion Effects 
I n p r a c t i c e d i f f u s i o n i n m i c r o - c i r c u i t s i s a lways 
c a r r i e d through windows c u t i n the mask t h a t i s p laced on th« 
s l i c e . The one d imens iona l d i f f u s i o n equat ion represents a 
s a t i s f a c t o r y means o f d e s c r i b i n g t h i s process, except a t the 
ox ide edge o f t he mask window. Here t h e dopan t sou rce 
p r o v i d e s i m p u r i t i e s wh ich d i f f u s e s a t r i g h t a n g l e s t o t h e 
s e m i c o n d u c t o r s u r f a c e as w e l l as p a r a l l e l t o i t ( i e . 
l a t e r a l l y ) . I t i s seen t h a t the l a t e r a l p e n e t r a t i o n i s about 
75-355(S o f t he p e n e t r a t i o n i n t he v e r t i c a l d i r e c t i o n f o r 
concen t ra t ions t h a t are two or more orders o f magnitude below 
the sur face c o n c e n t r a t i o n . 
2.6.3 Emitter Push Effect 
In n-p-n narrow-base transistors using phosphorous 
diffused emitter and boron diffused based, the base region 
under the emitter (phosphorous) region is deeper than that 
outside the emitter region by 0.2 to 0.6 >jm. This phenomenon 
is called emitter push effect. 
This effect leads to very serious limitation in the 
fabrication of high frequency transistors which requires 
spacing between two diffusions. 
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2.6.4 The Electric Field Effect 
When donor or acceptor imourities enter the silicon 
crystal, they become ionized, consequently a local electric 
field IS set up between the lomzed impurity atoms and the 
electrons or holes. The concentration gradient of these 
ionized impurity (donors or acceptors) oroduces an internal 
electric field that enhances the diffusivity of the ionized 
impurity atoms. 
Detailed consideration of the problem of the motion of 
donor or acceptor ions in a semiconductor (16) leads to a 
modified formula for the flux of the ions. 
1 ^c 
F = - D [— -] .. (2.6-1) 
yi+4 (n^/c)^ -^ x 
Where c is the concentration of the ions and n^  denotes the 
concentration of electrons or holes in a semiconductor 
containing no donors or acceptors at all the temperature of 
diffusions. 
Equation (2.6-1) can also be written as 
F = - DQ^^ ... (2.6-2) 
where 
1 
Deff = D [1 + 3 
>/l+4 (ni/c)2 
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i s t he e f f e c t i v e d i f f u s i v i t y o f t h e i m p u r i t i e s , wh ich 
incorporates the e f f ec t of the b u i l t in e l e c t r i c f i e l d . At a 
given temperature, hence a t a g iven va lue of n^, i f the 
impur i t y concen t ra t ion i s r e l a t i v e l y low, i . e . C<< n^ , 
Dg^^ = D. Thus the b u i l t in f i e l d has no e f f e c t . I n the 
opposite case, when the impuri ty concentrat ion i s h igh, i . e . 
C>> n^, O^ff - 2D. Thus the e l e c t r i c f i e l d can br ing about an 
e f f ec t i ve doubling of the d i f f u s i o n c o e f f i c i e n t . 
CHAPTER-3 
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CHAPTER 3 
MODELLING OF BORON DIFFUSION IN SILICON 
3 . 1 . Anomalous D i f f u s i o n o f Boron i n S i l i c o n 
Mode l l i ng and s i m u l a t i o n of f a b r i c a t i o n steps used in 
IC techno log ies i s an impor tan t area o f resea rch , p r i n c i p a l l y 
because of the f o l l o w i n g impor tan t reasons ( 1 7 ) . 
( i ) The number of p o s s i b l e combinat ions o f the processes 
i s too la rge and hence a l l o f them cannot be pursued 
e x p e r i m e n t a l l y . The re fo re , i t i s e s s e n t i a l t o screen 
the p o s s i b i l i t i e s and t r y o n l y t h e most p r o m i s i n g 
ones. 
( i i ) For the h igh performance dev ices , i t i s impor tan t t o 
study the process s e n s i t i v i t i e s , computer models make 
such a study p o s s i b l e . 
( i i i ) For s m a l l g e o m e t r y d e v i c e s , i t i s e s s e n t i a l t o 
c o n s i d e r t h e two d i m e n s i o n a l e f f e c t s , because 
o t h e r w i s e t h e c o r r e c t p r e d i c t i o n o f t h e d e v i c e 
performance would be d i f f i c u l t . 
D i f f u s i o n o f Bo ron i n t o s i l i c o n has b r i e f l y been 
d i scussed on t he bas i s o f t he s i m p l e d i f f u s i o n t h e o r y i n 
chapter 2 . P r e d i c t i o n o f a d i f f u s e d l a y e r , i n p r i n c i p l e , 
i nvo lves the s o l u t i o n o f the d i f f e r e n t i a l equa t ion 
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2! = ,ii 
•2)t 7)x^ 
under appropriate initial and boundary conditions. However, 
it has been found that the practical results seldom 
coincide with the above theory particularly in cases 
involving concentrations higher than the intrinsic carr-'er 
concentration values and thus various 'anomalous' effects are 
observed. In general, it has been seen that in most of the 
cases, 'D' is a function of local impurity concentration and 
hence the differential equation may be modified to (18). 
"^ t "Sx "dx 
Thus an important aspect of modelling the diffusion 
profile is the determination of D(c). Several techniques for 
its practical determination exist, viz, p-n junction 
techniques, radio-chemical techniques, surface concentration 
techniques and electrical profiling techniques. They have 
been critically reviewed in ref. (19). One of the most usual 
techniques is that of extracting diffusion coefficients from 
the impurity profile using Boltzmann Matano analysis, which 
has been described in detail by Lee (20). However apart from 
the local concentration dependence of the diffusion 
coefficient, several other anomalous effects are found in the 
diffusion of various impurities. To understand these effects 
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it is important to understand the fundamental diffusion 
mechanism of impurities in silicon. 
3.2. Diffusion of Boron under Non-oxidising conditions 
At low surface concentration (<'10 atoms cms ), boron 
diffusion under non-oxidismg conditions generally produces 
diffusion profiles consistent with the simple diffusion 
theory discussed earlier (21,22). At high surface 
concentration, the shape of these profiles deviates from the 
theoretical ones (16,23). It has been shown that the 
electrically active boron profiles change from complementary 
error function shape to flat topped shape with the onset of a 
'kink' as the surface concentration is increased (24,25). 
Several models have been studied by a number of workers. Thai 
(26,27) suggested that the concentration dependence of D is 
related to plastic deformation and degeneracy. He proposed a 
quantitative theory to model the diffusion coefficient in 
terms of two enhancement factors, one arising from plastic 
deformation and the other from internal field. The validity 
of this model has been criticised by Hu (19). Several other 
workers (19, 28) proposed the interaction of B~ ions with 
positively charge defects. A quantitative model based upon 
this has been proposed by Fair (29). He has collected 
information on the concentration dependent diffusivity 0(c) 
based upon the studies of several workers and has observed 
the following relationship: 
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D(c) c 
= ... (3.2-1) 
where D^  is the intrinsic diffusion coefficient and n^  is the 
intrinsic carrier concentration. This relationship.suggests 
the following mechanism; the interstitialcy mechanism, the 
vacancy mechanism, and the divacancy mechanism. He argues on 
the basis of the results presented by Van Vechten (30) that 
the ratio of the interstitials to vacancies under equilibrium 
in Si near the melting point would be of the order of 10 
or less. With regard to the divacancy mechanism, several 
workers (19) have argued that in silicon at high 
temperature, thermal equilibrium should favour the formation 
of monovacancies and divacancies will dissociate rapidly 
after their creation. Further on the basis of the arguments 
of the Van Vechten (30) and others, fair has postulated that 
boron generally diffuse by interacting with donor type 
monovacancies (V"*") with an electronic energy level at E^ + 
0.37 eV (Ey^). 
Thus this model concluded the following relationship: 
D(c) c CV"*"] 1 + exp { (Ep^ - Ev+)/KT} 
D^  n.j [y"^ ] 1 + exp { ( E / - Ep.j )/KT} 
1 + exp { (Ey+ - E /KT} 
—— £ ___ __ (3 .2 -2 ) 
1-fexp { (Ep - E / ) / K T } 
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F a i r has c l a i m e d t h a t t h i s model p r e d i c t s bo ron d i f f u s i o n 
p r o f i l e s under n o n - o x i d i s i n g c o n d i t i o n s which are found t o be 
i n e x c e l l e n t agreement w i t h exper imenta l ones. He has a lso 
g iven approximate r e l a t i o n s h i p between j u n c t i o n deoth X^, 
s u r f a c e c o n c e n t r a t i o n C^ and s h e e t r e s i s t i v i t y Tg ^s 
f o l l o w s : 
X • 
J___ = 1 .225yCg /n . . . . ( 3 .2 -3 ) 
2 y D.ji: 
2.78 X ici"^ 
s o = . . . ( 3 . 2 -4 ) 
Fair's model, however is based upon the diffusion of only one 
species. This is incapable of explaining more advanced 
phenomena like proton enhanced diffusion and the kink 
formation (25,31). Thus, multistream diffusion mechanism has 
been considered to model boron diffusion into silicon. Fair 
(29) has shown that boron diffuses rapidly in heavily p-type 
material and very slowly in heavily n-type materials. He 
relates this to the results of Van Vechten et al. (32) by 
observing that in p-type material most of the vacancies are 
in the V"*" state, while in n-type material they are in the v~ 
or V"*" state. Since the substitutional boron impurity is 
negatively charged, it is assumed to interact with V"*" state 
to cause diffusion. J.R. Anderson et al.(33) have made an 
attempt to incorporate these and other observations into a 
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model f rom which the boron i m p u r i t y p r o f i l e can be c a l c u l a t e d 
f o r cases o f p r a c t i c a l i n t e r e s t . The f o l l o w i n g d i f f u s i o n 
e q u a t i o n w i l l a d e q u a t e l y d e s c r i b e t h e b o r o n d i f f u s i o n 
p r o f i l e : 
"^^B 7i ^B *^ B o 1/o 
__H = Di - ^ - - (CQ{ ---- -»• [ ( )^+^^^^}) . . . ( 3 . 2 - 5 ) 
"^t "^x- 2n.j 2 n.j 
This equation could be described as a diffusion equation with 
"concentration dependent" diffusivity. 
The models considered so far are based on diffusion 
through point defects. Morehead and Lever (34,35) have 
developed a relatively simple model to explain the tail 
diffusion of boron and phosphorus taking interstitials also 
into account. They assume that interstitials combine with 
the impurity at the silicon surface, and the interstitial-
impurity pair diffuses into the bulk. When the impurity 
becomes substitutional, an interstitial is released and may 
diffuse into the bulk or back toward the silicon surface. 
They assume that at any point in the crystal, the flux of 
impurity-interstitial pairs into the bulk is equal to the 
flux of interstitials towards the surface. In principle, 
their approach allows both vacancies and interstitials to 
play the same role. The model gives a supersaturation of 
interstitials in the bulk, which in turn enhances the 
impurity diffusivity. In their work, they assume that self-
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interstitials dominate and that the local concentration of 
vacancies is determined by local dynamical equilibrium (36) 
from 
Cj Cy = Cj®^ Cy®^ ... (3.2-6) 
where C's represent c o n c e n t r a t i o n , I and V i n t e r s t i t i a l s and 
v a c a n c i e s , and t h e s u b s c r i p t eq i n d i c a t e s t h e t h e r m a l 
e q u i l i b r i u m v a l u e . 
Mulvaney and R ichardson ( 3 7 ) have g e n e r a l i z e d t h e 
Morehead ad Lever model (34) t o -include dynamic e f f e c t s , and 
r e l a x t h e i r assumpt ion o f t h e e q u a l i t y o f t h e i m p u r i t y -
i n t e r s t i t i a l p a i r f l u x and the i n t e r s t i t i a l f l u x . They have 
d e r i v e d d i f f u s i o n e q u a t i o n s f r o m c o n s i d e r a t i o n o f t h e 
chemical r e a c t i o n s among the i m p u r i t y , the d e f e c t , and f r e e 
c a r r i e r s . For boron these r e l a t i o n s are (34) 
I+h"^ ^=^ I"^; Cj"^ = K^P Cj. 
I+B" :^=^ ( B I ) " ; Cgj = KgCjCg 
I+B"+h"^ ^=^ ( B I ) ; C Q I = KgPCjCg . . . ( 3 .2 -7 ) 
where t h e k ' s a r e r e a c t i o n c o n s t a n t s , P i s t h e w h o l e 
c o n c e n t r a t i o n , Cj i s the i n t e r s t i t i a l c o n c e n t r a t i o n , and Cg 
i s t h e b o r o n c o n c e n t r a t i o n . T h i s model d e s c r i b e t h e 
f o l l o w i n g r e l a t i o n s : 
— _ —— ^—_-.—— __—____-. _ 2 • ———— — C T C ^ ————— J 
"bt "^x C j * "bx '^  C j * ^ ^ x 
. . . ( 3 .2 -8 ) 
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"bt "^ x "^x "bx Cj* ^ x -^ Cj* 
"^In n 
) . . . ( 3 . 2 -9 ) 
"bx 
where Z.: i s the charge s t a t e f o r the imDur i t y ( + 1 f o r donors; 
-1 f o r a c c e p t o r s ) , f j i s the f r a c t i o n a l c o n t r i b u t i o n of the 
i n t e r s t i t i a l c y mechan ism t o t h e d i f f u s i o n , C^* i s t h e 
e q u i l i b r i u m c o n c e n t r a t i o n o f I n t e r s t i t i a l and Dj i s t he 
i n t e r s t i t i a l d i f f u s i v i t y . 
I f C j i s cons tan t and equal t o i t s e q u i l i b r i u m va lue , 
Eqn. ( 3 . 2 - 8 ) reduces t o the standard model f o r d i f f u s i o n in 
s i l i c o n ( 3 8 ) . Equa t i on ( 3 . 2 - 9 ) r e d u c e s t o Morehead and 
L e v e r ' s model (34) i f t h e t i m e d e r i v a t i v e i s s e t t o ze ro 
( s t e a d y - s t a t e c o n d i t i o n ) . By cons ide r i ng the magnitude of 
t h e n o n - l i n e a r c o u p l i n g t e r m , t h e f o l l o w i n g o b s e r v e d 
d i f f u s i o n e f f e c t s can a l so be exp la ined by the model: 
( i ) Fo r low peak c o n c e n t r a t i o n s o f i m p u r i t y , t h e 
c o u p l i n g i s r e l a t i v e l y sma l l a t a l l t e m p e r a t u r e s , so t h e 
i n t e r s t i t i a l c o n c e n t r a t i o n w i l l not d e v i a t e apprec iab ly from 
i t s e q u i l i b r i u m v a l u e , and t h e d i f f u s i o n o f i m p u r i t y w i l l 
thus be d e s c r i b e d by t h e s t a n d a r d model C E q . ( 3 . 2 - 8 ) w i t h 
C j = C j * ] , i n agreement w i t h phosphorus e x p e r i m e n t ( 3 9 ) . 
A lso , s ince boron has a lower s o l i d s o l u b i l i t y l i m i t than 
phosphorus, the boron k i nk and t a i l w i l l be l ess pronounced. 
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( i i ) As temperature increases, C j * increases wi th an 
ac t i va t ion energy of about 4.8eV (40,41) , thus decreasing the 
re l a t i ve st rength of the coupling term. Therefore, the t a i l 
and kink of the phosphorus and boron p r o f i l e s disappear at 
higher temperatures. 
The model presented assumes tha t the impuri ty d i f fuses 
by a de fec t - impur i t y pa i r mechanism, tha t only one type of 
defect ( i n t e r s t i t i a l or vacancy) dominates, and that chemical 
e q u i l i b r i u m i s maintained f o r the d e f e c t - i m p u r i t y p a i r 
process. 
M. Orlowski (42) have proposed a theo re t i ca l frsunework 
f o r impu r i t y d i f f u s i o n in s i l i c o n . The bas ic mechanism 
employed i s the po in t d e f e c t - i m p u r i t y p a i r d i f f u s i o n as 
presented by Mulvaney and Richardson (37) in a generalised 
descr ip t ion of the impur i ty i n t e r s t i t i a l model by Morehead ad 
Lever (34). The model consists of coupled equations for the 
impur i t ies and point defects, in which a l l species including 
s t r u c t u r a l de fec ts are t r e a t e d on the same f o o t i n g . The 
model accoun ts f o r l o n g - r a n g e p o i n t d e f e c t media ted 
enhancement and re tardat ion of the d i f f u s i o n . In t h i s work, 
the i m p u r i t i e s have been a l lowed t o d i f f u s e p a r t l y v i a 
i n t e r s t i t i a l s and p a r t l y v i a v a c a n c i e s . The boundary 
condi t ion f o r i n t e r s t i t i a l s and vacancies f o r high surface 
c o n c e n t r a t i o n e f f e c t s i n t he bu l k has been r e l a x e d by 
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assuming tha t a l l impur i t ies generate i n t e r s t i t i a l s above the 
s o l u b i l i t y l i m i t (43,44). Thus there i s an asymmetry in the 
equations f o r vacancies and i n t e r s t i t i a l s . 
R e c e n t l y , Mulvaney e t a l . (45 ) have d e s c r i b e d a 
h ie rarchy of phys ica l models f o r i m p u r i t y d i f f u s i o n in 
s i l i c o n in terms of a n o n - e q u i l i b r i u m k i n e t i c r e a c t i o n 
d i f f u s i o n mode l . Assuming t h a t s o l i d s t a t e d i f f u s i o n 
phenomena can be described wi th a continuum model, they have 
conducted a system of p a r t i a l d i f f e r e n t i a l equations that 
governs t h e behav iou r s p e c i e s . The s p e c i e s t h a t are 
respons ib le f o r the t r a n s p o r t i n s i l i c o n are f i r s t t o be 
i d e n t i f i e d . In s i l i c o n i t has been establ ished (46) that 
vacancy (V) and se l f i n t e r s t i t i a l s ( I ) in t h e i r var ious charge 
states play an important ro le in t ranspor t ing impur i ty atoms 
by the fo rmat ion of d e f e c t - i m p u r i t y p a i r s . Tak ing boron 
impur i ty , the fo l low ing species may be i d e n t i f i e d 
V°, V"^ , V"^"*", 1° , I"^ , B", B"V°, B'V^, B'V"*"*, B"I°, B"l" 
. . . (3 .2 -10) 
The generalised formulation results in a large system 
(>10) of partial differential equations for the impurity, 
point defect, and point defect impurity pair species. 
Additional simplifying assumptions may be made to reduce this 
model to a five species model, various three species models 
and fi.nally the standard one species model. 
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3.3. Diffusion of Boron under oxidising condition 
3.3.1. Redistribution of Impurities During Thermal Oxidation 
It has been observed that during thermal oxidation of a 
boron doped layer, redistribution of predeposited boron in 
silicon takes place. This is a technological importance in 
the fabrication of bipolar and MOS devices and circuits. 
During such a redistribution, boron is preferentially 
segregated into the growing oxide, in addition to diffusing 
into the bulk silicon material. A large number of 
investigations for different cases has been done to 
understand this effect and to model it. One of the most 
important parameter which governs the impurity distribution 
during thermal oxidation is the segregation coefficient, 
which is defined as the ratio of boron concentration in the 
oxide to the boron concentration in silicon at the S^-S^Og 
interface. It also depends on the ratio of the diffusion 
coefficient in silicon and silicon dioxide and the ratio of 
the parabolic rate constant of oxidation. 
3.3-1.1. The Partial Differential Formulation 
A model for the redistribution of a complementary error 
function boron profile after drive-in in oxidising atmosphere 
was presented by Kato and Nishi (47). This model which 
utilizes the method of Green's function can provide an 
accurate solution of the problem. However, it is 
computationally difficult to implement and is of restricted 
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applicability for general use. Subsequently, a few more 
models, namely Cave's model (4-8) and Huang and Wei liver's 
model (15) were put forward. A good comparison of these 
models is given by Allen and Atkinson (49). G. Masetti et al. 
(50) have modified the Kato and Nishi model making use of 
the mathematical theory of the conduction of heat in a semi-
infinite medium with radiation from the plane boundary. This 
is a fairly simple model and has overcome the limitations of 
the original Kato and Nishi model. 
Another approach to model the same was used by Guckel 
and Hall (51) by transforming the diffusion equation to a 
moving reference frame and subsequently using the laplace 
transform method. This technique may provide a simple 
solution to the problem provided that a number of simplifying 
assumptions are made. However, using this technique it is 
possible to determine the amount of boron leached out of 
silicon during the drive-in cycle. It has been shown that the 
calculations agree with experimental results with a fair 
degree of accuracy. Thus the total amount of boron left in 
silicon after the drive-in cycle may easily be used to 
calculate the final boron distribution, assuming a Gaussian 
profile. The same technique used in the reverse order may be 
applied to design the two step boron diffusion process. One 
important observation confirmed experimentally, is that most 
of the boron, as much as 80% of the total, is usually leached 
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out of silicon in the initial few minutes of the oxidising 
cycle. Therefore oxidation-etchoxide- oxidation cycles may be 
used to reduce the total amount of boron oresent in silicon. 
Another moael has been presented by A.V. Ron et al. (52) but 
it is limited to the redistribution of a uniformly doped 
sample. 
3.3.1.2. The Integro-Differential Formulation 
Numerical methods based upon the integro-differential 
formulation of the conservation law have been used to 
simplify the problem of redistribution of boron under 
oxidising conditions (53). The continuity equation in one 
dimension may be written as 
d 
C "-^^^ ] cdx = Flux^i ^^t - Flux-ig^ .^  + 
at 
left 
right 
J (U-G) dx ... (3.3-1) 
left 
Where U is the recombination rate and G is the generation 
rate. The advantage of this technique is that effects like 
generation recombination effects, multi-species interactions, 
mixed media and concentration dependent diffusivity may be 
taken into account by modelling appropriately U,G and the 
flux. Also, it has been suggested that the segregation 
process may not be in equilibrium during oxidation. This 
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effect can be considered in the above method by including a 
first-order kinetic model assuming that the equilibrium of 
the segregation across the silicon-oxide interface is 
achieved in a flux limited manner (54). It has been claimed 
that good agreement between theoretical and experimental 
results is achieved. 
3.3.2 Anomalous effects of oxidation on Boron Diffusion: 
Anomalous effects of oxidation on boron diffusion have 
been observed earlier and have been extensively studied by 
several workers. It is observed that under oxidising 
conditions, the diffusion is enhanced and the degree of 
enhancement varied with the surface orientation of the 
crystal, increasing in the order <111>, <110> and <100>. 
Allen et al . (14) suggested that the origin of the enhanced 
diffusion was defects generated at the interface with the 
oxide and caused by either a mismatch stress or a vacancy 
imbalance during oxidation. Allen (54) concluded after 
certain experiments, that (i) the small difference in oxide 
growth rate between <111> and <100> orientation can not cause 
the observed difference in diffusion enhancement; (ii) the 
presence of oxide is not sufficient to cause enhanced 
diffusion in <100> silicon, but the oxide must be growing; 
(iii) the number of boron atoms transported in the oxide by 
diffusion is negligible in comparison with those transported 
by the segregation effect and the coefficient is independent 
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of o r i e n t a t i o n . Okamura (55) repor ted t h a t the j u n c t i o n depth 
i n <100> s i l i c o n i n c r e a s e s w i t h t h e o x i d e t h i c k n e s s , 
i n d i c a t i n g an i n f l u e n c e o f the o x i d a t i o n r a t e on the boron 
d i f f u s i o n c o e f f i c i e n t . However, t h e f i n d i n g s o f o t h e r 
workers are oppos i te t o t h i s and no e f f e c t o f o x i d a t i o n ra te 
on d i f f u s i o n c o e f f i c i e n t i s found ( 5 6 ) . 
M a s e t t i e t a l ( 5 7 , 5 8 ) c o n c l u d e d t h a t a l l t h e i r 
exper imenta l data cou ld be very we l l descr ibed i n terms of 
r e d i s t r i b u t i o n phenomenon by making used o f mod i f i ed Kato and 
N ish i model , assuming two d i f f e r e n t d i f f u s i o n c o e f f i c i e n t s . 
The f i r s t d i f f u s i o n c o e f f i c i e n t i s t o be used f o r bo ron 
d i f f u s i o n i n bo th <100> and <111> o r i e n t a t i o n under i n e r t 
a t m o s p h e r e s and f o r <111> o r i e n t a t i o n u n d e r o x i d i s i n g 
atmospheres. The second, roughly tw i ce t h a t o f the f i r s t , i s 
t o be used f o r <100> s i l i c o n under o x i d i s i n g c o n d i t i o n s . They 
a lso showed t h a t these d i f f u s i o n c o e f f i c i e n t s are independent 
o f o x i d a t i o n r a t e and r e d i s t r i b u t i o n phenomenon . The 
an i so t ropy on ly depends upon the presence or absence o f the 
o x i d i s i n g atmosphere du r ing d i f f u s i o n . A l s o , they argued on 
the bas is o f t h e i r exper iments t h a t exp lana t i ons based on the 
i n f l u e n c e o f d i s l o c a t i o n s on t h e d i f f u s i o n c a n n o t be 
a c c e p t e d . They a l s o c o n f i r m e d t h a t t h e s e g r e g a t i o n 
c o e f f i c i e n t i s independent o f o r i e n t a t i o n and o x i d a t i o n r a t e . 
As regards the temperature dependence, Mase t t i e t a l . (59) 
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showed that the above diffusion coefficients under dry oxygen 
atmosphere could be described by an Arrhenius law of the form 
D = DQ exp (E/KT) ...(3.4-n 
and tha t an average value of 0.4 f o r segregation coe f f i c ien t 
c o u l d be i n the m o d i f i e d Kato and N i s h i mode l , in a 
temperature range of 950 to 1200°C. 
Sanders e t a l . (60) and Dobson (61) proposed a 
q u a n t i t a t i v e model to exp la i n the e f f e c t s o f o x i d a t i o n on 
d i f f u s i o n , assuming the mass t rans fe r in Si to be responsible 
f o r observed b e h a v i o u r . They showed t h a t f o r an 
i n t e r s t i t i a l c y mechanism, an equation descr ib ing the p ro f i l es 
can be read i ly der ived, whi le f o r a vacancy mechanism the 
concepts of i r r eve rs ib l e thermodynamics and k i ne t i c theory 
may be used. He also presented a model based on s i m i l a r 
l i n e s , assuming t h a t the thermal o x i d a t i o n i s genera l "y 
incomplete, producing f r ee s i l i c o n atoms which become 
i n t e r s t i t i a l s and thus super saturate the La t t i ce . He has 
derived a theore t i ca l expression f o r ca l cu la t i ng e f fec t i ve 
d i f f u s i v i t y . 
3.4 D i f fus ion of Boron Through Patterned S i l i c o n 
3 . 4 . 1 . Ef fects of Masking Oxide 
General ly the devices on an I c c h i p are f a b r i c a t e d 
using t h i n layer of s i l i c o n dioxide (Si02) as a mask against 
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the diffusion of common impurities e.g. boron, phosphorous, 
arsenic etc. These devices are of micron size. However, it 
has not so far been possible to determine doping profiles in 
these small regions surrounded by masking oxide. In order to 
monitor the diffusion steps, large plain unmasked check 
slices simultaneously doped are, therefore, used for 
profiling purposes. These profiles thus obtained are used in 
developing the process models. This is valid only when the 
doping profiles in the small masked regions of the devices 
are the same as on the large area plain check slices. In 
other words, the masking oxide simply acts as the mask and 
does not interfere with the doping in the windows. This was 
generally considered to be true. 
On the basis of a thorough study on the two dimensional 
effects on boron diffusion, it has been reported (62,63) that 
the presence of masking oxide surrounding window seriously 
affects the diffusion kinetics of boron in the window. The 
results concerning the effects of masking oxide on boron 
diffusion are summarized below (62): 
1. In the case of boron diffused layers, there is a net 
discrepancy of 20-30* between the sheet resistance 
determined from the 4pt, probe measurements on the large 
area check slice and from the resistance measurements on 
diffused resistors. In the case of 80 p resistor, the 
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sheet resistance is always found to be higher by about 
30X. 
2. The Sheet resistance on diffused resistors increases 
with an increase in the masking oxide frame width. The 
increase, in the case of a 40 jjm wide resistor, has 
been found to vary from 115X to 129X with a variation 
of 4 >im to 100 jjm in the masking oxide width. 
3. The sheet resistance on fabricated resistors increases 
with a decrease in the window width. For a reduction 
from 80 jj to 12 jj in windows width, the increase has 
been observed to be 129X to 161%. 
4. The above mentioned discrepancy is observed only during 
the pre-deposition of boron. The drive-in either does 
not have any affect (in the case of pure nitrogen 
ambient) or tends to reduce it (in the case of oxidising 
ambient). 
5. The removal of Si-B phase does not significantly affect 
the results. 
6. The discrepancy is sensitive to the starting material 
resistivity and its surface orientation. 
7. The results are independent of surrounding oxide 
thickness. 
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8. The presence of HCl during the thermal ox idat ion of Si 
does not e f f e c t the r esu l t s . 
9. A reduct ion of discrepancy is observed wi th an increase 
in the t o t a l doping of s i l i c o n . 
10. The discrepancy disappears when the boron source i s 
spin-on or ion- imp!anted, 
11. In the case of phosphorous, predeposi t i o n as we l l as 
d r i v e - i n do not produce any discrepancy. 
12. An a t t e m p t a t r e s i s t i v i t y vs dep th p r o f i l i n g and 
j u n c t i o n dep th measurements shows t h a t near the 
sur face, the concentrat ion in the large area check s l i c e 
and in the res i s to r surrounded by the oxide i s the saune 
and the junc t ion depth in the fabr i ca ted res is to rs is 
smaller than the other region. 
3.5 Discussion 
It may be seen that two distinct attempts for modelling 
of boron diffusion in silicon are required. One for diffusion 
in silicon bulk to take into account all the effects 
discussed in section 3.1-3.3. This has been considered in 
chapter 6. The other attempt is needed to model the diffusion 
through patterned silicon considering the effects of masking 
oxide surrounding the diffusion windows discussed in section 
3.4. In this case an experimental study is further required 
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to develop a theory for the explanation and modelling of the 
effects. This has been discussed in th« following chapters. 
CHAPTER-4 
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CHAPTER 4 
EXPERIMENTAL STUDY OF THE EFFECTS OF MASKING 
OXIDE ON BORON DIFFUSION 
Some of the experimental observations on the effects of 
masking oxide on boron diffusion have been presented and 
summarized in the previous chapter. As regards to the reasons 
of the above effects, two possibilities may exist. 
i) Some phenomenon associated with the silicon bulk near 
the oxide silicon interface may cause the above effects. For 
instance, the generation of stresses or strains or faults and 
dislocations, etc., close to oxide edge due to oxidation of 
the wafer and subsequent opening, of the windows may cause 
trapping of some of the impurities to make them partially 
electrically inactive. 
ii) It may also be possible that the oxide surface rather 
than the oxide silicon interface or silicon bulk may be 
interfering with the transport / adsorption of boron at the 
silicon surface and the subsequent diffusion. Hence 
experiments were performed to further investigate the 
effects. 
A test mask specially designed for investigation of the 
masking oxide effects was used. It consists of nine 
resistors on a 1 .5 x 1 .5 mm chip size, each with a four 
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terminal configuration, in order to eliminate the effect of 
contact resistance. The shape of 8 resistors is similar to 
that of figure 4.1. While the ninth {R9) has got the simple 
shape of figure 4.2. 
Figure 4.3 shows the actual test mask pattern. 
Resistors R1, R2, R3 and R4 are each of 40 urn width and have 
the surrounding masking oxide width of 4, 8, 24 and 60 urn 
respectively. The masking oxide is surrounded by at least 
100 jjm of bare silicon receiving the same diffusion as that 
in resistor windows. The surrounding oxide width of at least 
100v«m and the resistor width of 12, 20, 40 and 80ym 
respectively. The imoortant dimensions are summarized in 
table 4.1 below: 
Table 4.1 
Details of Resistors of the Test Mask 
Resistor Surrounding Resistor/window No. of squares 
masking oxide width 
width 
jjm jjm 
R1 4 40 10 
R2 8 40 10 
R3 24 40 10 
R4 60 40 10 
R5 100 12 33 .33 
R6 100 20 20 
R7 100 40 10 
R8 100 80 5 
R9 100 80 3.5 
Only about h a l f of the s l i c e had r e s i s t o r p a t t e r n , w i th 
t h e r e m a i n i n g p o r t i o n used t o make f o u r - p o i n t p r o b e 
16 n 
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measurements. When resistor measurements were required after 
deposition without drive-in, spin-on oxide densified at 420°C 
for 15 min in N2 was used as insulation under metallization. 
Four point probe measurements were made in the dark 
with usual precautions. These values will be referred to as 
en while the sheet resistance calculated from actual 
fabricated resistor measurements will be called as P^j^- The 
normalized value of {^ ,^ expressed as a percentage of fg-
is represented as fsn' *'*^''^*^  is ^ measure of discrepancy 
between fg^ and Pgp. 
4.1 Resistor Fabrication Using Silicon Etching 
A number of plane n-type silicon wafers without any 
mask were first doped with boron according to the following 
schedule: 
i) Deposition : 890°C, 20 min, N2 ambient 
ii) Drive-in: 1100*^ C, IL/min, N2, 30 min. followed by 
IL/min, Wet Og, 30 min. followed by 
IL/min. Ng, 30 min. 
The tes t mask was then used t o open windows in the 
oxide w i t h p o s i t i v e pho to res i s t i n s tead o f the negat ive 
photoresist f o r which the mask was designed. A fas t s i l i c o n 
etch consis t ing of HF, HNO3 and CH3COOH was then used to 
completely etch o f f the boron doped l a y e r in the open 
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regions. The resulting structure is shown in figure 4.4. The 
spin-on oxide was then used for masking against metallization 
and the usual procedure was adopted for contact windows and 
aluminium pattern etc. 
The measurements showed that the values of j-'gj^  and 
Pg_ were equal. This rules out any effect of the presence 
of masking oxide on electrical measurements or on the 
mobility of the charge carriers. 
4.2 Diffusion using other Sources 
The doped oxide source was also used for diffusion of 
boron, to give a number of sheet resistances. In every case, 
none of the above reported results were observed and the 
values Pgjj, and Pg_ were found to be close to each other. 
It has also been reported earlier (62) that the spin-on 
source and the ion-implantation also do not produce any of 
the masking oxide effects and hence it is concluded that the 
reported results are observed only in the case of a vapour 
source of boron. 
4.3 Diffusion Through Polysilicon 
Some of the n-type silicon wafers were oxidized and 
windows were opened as usual. A thin uniform layer of undooed 
poly-crystalline silicon was deposited all over the slice 
using the LPCVD process. Boron was diffused through this 
layer of poly-silicon at 960°C for 60 minutes. The poly-
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silicon layer was then etched off and the slice was processed 
for contacts and metallization, etc., in the usual way. The 
measurements showed no significant discrepancy between ^^^^ 
and fL-. Some of the important results are shown below: 
Pg_ before etching of poly-silicon = 36.0 Ohms/sq. 
Pg_ after etching of poly-silicon = 90.0 Ohms/sq. 
Pg^ on 80 jjm width resistor = 92.5 + 2 ohms/sq. 
Normalized ^g^ expressed as % of Pg- = 102.8X 
The above experiments give a clear indication that 
most probably it is the oxide rather than the oxide silicon 
interface or silicon bulk which is causing the masking oxide 
effects. 
4.4 Doping of Oxide 
During experiments it was found that the effect of 
masking oxide tend to vary with temperature of diffusion. The 
results observed at different temperature are summarized 
below: 
Boron Diffusion 
hms/sq Onms/Sq 
890*^C, 30 min 125.9 162.5 + 5 . 0 129.0 ± 4.OX 
915°C, 30 rain 75 .0 9 1 . 9 ± 1.5 122.4 + 1.9X 
925°C, 20 min 7 4 . 2 8 9 . 3 ± 1.9 120.4 ± 2.558 
960°C, 30 min 4 9 . 2 5 7 . 8 + 0 . 9 117.0 + 1.8X 
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It is clearly seen that the value of ^^^ decreases 
with a decrease in P^- ie. with am increase in the total 
concentration per unit surface area of the doped layer. This 
suggest a limitation to the effect with an increase in 
concentration. To confirm this, the masking oxide was 
carefully doped with boron at the diffusion temperature for i 
hour. The diffusion of boron into the windows was then done 
in the usual way. No discrepancy between P^j^ and ^^^ was 
observed. 
4.5 Surface Concentration 
In the light of the above results, an attempt was made 
to compare the surface concentration in the large unmasked 
and the small oxide surrounded regions. In a doped layer, the 
concentration near the surface is proportional to the change 
in sheet conductance due to the removal of a small thickness 
of layer from the surface. 
Two uniformly doped, N-type III, 0.5 ohms-cms, float-
zone, 2" dia, Wacker make slices no.1 and no.2 were 
oxidised and windows opened, boron was then diffused at a 
temperature of 890°C in Ng for 20 minutes using solid planer 
diffusion (B2O3) source. Slice no.2 was then etched for 10 
minutes in a slow silicon etch. The etch used was composed 
of Cone. HF (48X), nitric acid and glacial acetic acid in 
the ratio of 1:100:25 by volume and gave an etch rate of 
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aoprox. 0.08 Am/hr. Both the slices were then metal! ized. 
The 4-pt. Probe measurements were made on unmasked area of 
each slice. The resistor measurements over the 80/im wide 
resistor were made on a large number of chips and averaged 
over the slice. Good uniformity of measured results was 
observed. The results obtained are as follows: 
Ohms/Sq. Ohms7Sq. 
Slice No.1 125.2 162.2 
Slice No.2 152.2 215.9 
The corresponding changes in sheet conductance in the 
two regions are as shown below:-
Pgp = 1.43 X 10~2 (Ohms/Sq.)"'' 
f^ g^  = 1.53 X 10"^ (Ohms/Sq. )~^ 
The above experiments were repeated a number of times. 
Also, the measurements of -fg^  and fgp were made on the 
same slice before and after the layer removal. The results 
were found to be consistent. 
The results thus show that the doping of oxide prior 
to boron diffusion eliminates the masking oxide effects and 
the concentration near the surface of the slice is nearly 
equal in both the masked and the unmasked regions. It is 
conceivable that the oxide will get sufficiently doped during 
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the deposition process. This would suggest a possible shape 
of the profiles in the two regions as given in figure 4.5. It 
also indicates that in order to explain the discrepancy 
between Pg and P^^, the junction depth in the fabricated 
resistors may be smaller than in the check slices. Therefore, 
junction depth measurements were made in the two regions of 
slice No.1 after the boron drive-in of 60 minutes in pure 
nitrogen ambient. The measurements were made by the well 
known angle-lap and staining method. An approximate 
difference of half fringe corresponding to 0.15 jjm was very 
consistently observed under the interference microscope. 
4.6 Possible Models of the Masking oxide Effects: 
A number of possible explanations may be considered. 
Some of them are discussed below: 
4.6.1 Lateral Diffusion 
No explanation on the basis of two dimension may be 
accepted because that would infact reduce (64) the value of 
f^jj, which is opposite to the experimental observations. 
4.6,2. The Mismatch between the Linear Coefficients of 
Thermal Expansion of S.^  and S.JO2 
The mismatch between the linear coefficients of thermal 
expansion of S^  and Si02 is likely to produce stress in the 
silicon under the edge of the oxide window and this stress 
may change the diffusion kinetics. However, it has been 
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reported (64,65) that the stress causes enhanced diffusion. 
This would increase the amount of boron going into the 
windows thus reducing the values of Pg^ .^ This is ooposite 
to the observed effect (62) which is that the values of -^^^ 
is found to be greater than ^ . Another Dossib->" •> ty l^ay 
however exist. Some of the boron atoms after entering silicon 
may become electrically inactive under the influence of 
stress. A possible cause may be precipitation. It is 
conceivable that the increase in the oxide thickness should 
increase stress and therefore increase the discrepancy 
between -/^ j^  and ^p. Experimentally, no effect of 
oxide thickness is observed. Also, the effect of stress is 
not expected to influence the dopant at a distance of several 
hundred microns as observed from the spreading resistance and 
an infrared carrier emission measurements (66). Although 
these results do suggest that the above explanation is less 
likely to be acceptable, some more direct evidence to negate 
is required. 
4.6.3. The Affinity of Boron Towards Oxide 
Due to greater affinity of boron towards oxide compared 
to silicon, it may be argued that a disturbance o^ boron 
distribution in the gas phase close to the oxide edge may 
take place. This causes less boron to deposit on silicon 
near the oxide. However, any such disturbance of boron 
distribution in the gas phase is very unlikely to stay 
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because of a very large amount of boron present and a very 
high diffusion rate in the gas phase. Therefore this 
explanation is not physically possible. 
4.6.4. The Surface Diffusion of Impurities over silicon 
Another possible explanation may be given on the basis 
of surface diffusion. Boron atoms after arriving at the 
silicon surface are 'adsorbed' there. These atoms may be 
called 'ad-atoms'. The 'ad-atoms' close to the oxide surface 
are absorbed by the oxide due to a high solubility of boron 
in silicon dioxide. This causes a depletion of boron near the 
oxide edge resulting in a concentration gradient across the 
width of a window. Surface diffusion of ad-atoms of boron 
then takes place under the influence of this concentration 
gradient. Thus, because of this surface diffusion, the amount 
of boron available at the surface of silicon for diffusion 
into the bulk is reduced. This causes less boron to go into 
silicon in the window area. Surface diffusion model seems to 
be the most plausible one to explain the experimental 
observations. 
This model seems to be the most likely explanation of 
the experimentally observed effects of masking oxide on the 
diffusion of boron into silicon. However, further 
experimental evidence is required to confirm it and also to 
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rule out the possibility of the other explanation based on 
the stress generated by the mismatch of coefficient of 
thermal expansion of Si and Si02. In the former case, i.e. 
that of surface diffusion model, the presence of oxide 
exposed to B^Oo vapours is directly affecting the diffusion 
kinetics of boron. In the latter case, some change in the 
silicon bulk due to the stress generated is assumed to reduce 
the effective amount of boron. What is therefore basically 
reduired is a series of experiments to see whether the 
presence of Si02 exposed to B2O3 vapour is responsible for 
the observed effects or some change in silicon bulk is 
causing them. The series of experiments described below was 
therefore aimed at testing the theory-
4.7 Silicon Nitride as the Masking Material 
The possibility of using a material other than silicon 
dioxide for masking purpose was also considered. It was found 
that the films of silicon Nitride (Si3 N^) may be used to 
mask against boron diffusion. Wet etching using 
orthophospheric acid at temperature of 160 + 5°C was done for 
pattering. Silox was used for defining pattern in silicon 
nitride since the photoresist can not be used for wet etching 
at the above temperature. Diffusion was done at a temperature 
of 890°C for 20 minutes. 
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4.8 Experimental Results 
4.8.1 Silicon Dioxide Masking 
The results of diffusion with Si02 masking are as 
follows: 
0 Kg- : 130.5 ohms/square 
Pg^ : 166.3 ± 3.8 -do-
s^n (/g« : 127.4 ± 2.9 515 
4.8.2 Silicon Nitride Masking 
When S i l i c o n N i t r i d e was used as the masking m a t e r i a l 
i n p l ace o f S i l i c o n D i o x i d e t h e f o l l o w i n g r e s u l t s were 
observed: 
Pgp : 130.5 ohms/square 
Psm '• ""SZ-T ± 1.5 - d o -
pgp : 102.1 ± 1.2 % 
4.8.3 Silox/Nitride Masking 
A composite structure as shown in Fig.4.6 below is used 
as the mask. A 0.3 jum layer of Silox is deposited over the 
Silicon Nitride film and patterning is then done with the 
composite structure. The results of diffusion are as follows: 
Pgp : 125.3 ohms/square 
Pg^ : 148.7 + 3.0 -do-
Pgp : 118.7 ± 2.4 % 
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It is clearly seen that in this case a discrepancy of 
about 1936 is present between pg^^ and Pg_. This discrepancy 
is somewhat less than the one observed with the usual oxide 
masking. It is conceivable that whatever property is 
responsible for the effect, is different quantitatively -n 
the cases of silox and thermal oxide. The experiment that 
follows was made to confirm it. 
4.8.4 Thermal Oxide/Nitride Masking 
A thickness of 100 A° of thermal oxide was produced by 
heating the nitride coated wafers at a temperature of 950°C 
in 1 lit/min. wet O2 for 120 minutes. This oxide was used to 
cover nitride in fig.4.6. The results of diffusion are as 
follows: 
fsD • ^21.8 ohms/square 
psm 
\ sn 
154.4 ± 3.1 -do-
126.8 + 2.5 X 
It may be seen that thermal oxide over nitride gives 
the same order of discrepancy as seen with the thermal oxide 
masking thus supporting the argument of the preceding 
section. 
4.8.5 Thermal Oxide covered by Nitride 
A composite mask structure using thermal oxide covered 
by nitride as shown in fig.4.8 was used. The results of 
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diffusion are as follows 
P^- : 122.0 ohms/square 
sm Ps- : 129.9 ± 2.0 -do-
|^ Q„ : 106 . 5 ± 1 . 6 % 
A small discreoancy of 6.5* is observed. 
4.8.6 Thermal Oxide partially covered by Nitride 
A structure, leaving about 2 ^m oxide uncovered, as 
shown in figure 4.8 was used. The results of diffusion are 
as follows: 
Pgp : 120.0 ohms/square 
Psm •' ""SS-O ± 2.5 -do-
PgP : 112.5 ± 2.1 % 
It is seen that the small width of about 2 ^m left 
uncovered is sufficient to cause a discrepancy of 12.5%. 
4.9 Discussion 
It may now seen that the experimental observations 
strongly support the surface diffusion model. It is, however, 
known that the linear coefficient of thermal expansion of 
SigN^ is close to that of silicon, thus causing no mismatch. 
This may explain the absence of discrepancy between (^  and 
(^^ in the case of nitride masking. Similarly, it may be 
argued that the oxide/nitride masking may still be causing 
stress in the window and hence the discrepancy. However, in 
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the experiment of section 4,8-5, the presence of oxide 
underneath the nitride should still produce the same stresses 
and hence should give the same discrepancy. A drastic 
reduction in the discrepancy experimentally observed in this 
case therefore, suggests that the effects of masking oxide 
are not due to the stress generated by it. Also in section 
4.8.6, the appearance of the discrepancy with an exposure of 
only 2 pm of oxide with the rest covered by nitride again 
rejects this model. Further support of this rejection comes 
from the following results reported earlier: 
a) no discrepancy in the case of ion-implamtation followed 
by annealing (59) 
b) no effect of oxide thickness on the discrepancy (59) 
c) the long range nature of the effect shown by the 
spreading resistance and infra-red free carrier emission 
measurement (65). 
Thus, it may be concluded that the phenomenon of 
mismatch stresses cannot be accepted as a possible 
explanation. However, all the experiments described clearly 
indicate that the presence of exposed oxide surface and not 
the Si/Si02 interface is responsible for the observed 
discrepancy and therefore suggest the surface diffusion 
model . 
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The absence of discrepancy in the case of silicon 
nitride masking may be explained if a low solubility of boron 
in silicon nitride is assumed. Further, in oxide/nitride 
masking, since the oxide surface is available for the suckout 
of boron and hence surface diffusion, effects similar to 
standard oxide masking may clearly be expected. 
The surface diffusion would also be expected to take 
place over the surrounding masking oxide. An increase in the 
masking oxide width would therefore increase the effective 
area over which boron is dissolved and hence cause more boron 
suck out which would increase the discrepancy. This might 
explain the effect of surrounding oxide frame width. 
In the case of nitride/oxide masking, the presence of 
small exposed oxide edge (the window wall) would explain the 
discrepancy observed in section 4.8.5 and 4.8.6. Similarly, 
if a limit to dissolution of boron in SiOj is assumed, the 
reduction of -^p with a reduction in -Pg may also be 
explained. Because of a high surface diffusion coefficient 
the long range nature of effect may also be explained. 
CHAPTER-3 
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CHAPTER-5 
NUMERICAL SOLUTION OF EQUATIONS REQUIRED FOR 
DEVELOPMENT OF DIFFUSION MODELS 
On the basis of diffusion studies, it has been observed 
that most of the modelling attempts made by various workers 
for the diffusion of boron in silicon involve the oartial 
differential equations of the following type: 
•^u 7,u 
A --T + B = ...(5.1) 
I t was t h e r e f o r e c o n s i d e r e d a p p r o p r i a t e t o d e v e l o p 
s u i t a b l e numerical methods/a lgor i thms f o r t h e s o l u t i o n of 
t h i s type of e q u a t i o n . 
As a f i r s t step a mesh has been imposed on the region 
of i n t e r e s t w i t h mesh s i z e h. Taking t ime s tep as k, t ^ and 
u " i may be w r i t t e n as nk and u ( x - j , t p ) . U s i n g f i n i t e 
d i f f e r e n c e n o t a t i o n , d i f f e r e n t i a l e q u a t i o n ( 5 . 1 ) may be 
w r i t t e n as 
A D^ U""^ ^ + B = D<. U""^^ . . . ( 5 . 2 ) 
X 1 ^ 1 
where D^ ^ and D^ are partial differential operators with 
respect to x and t respectively and all values are taken at 
the point (x-j , t^^^). Using the operator identifies 
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^^x = 2 (cos h h 0^~^) ... (5.3) 
and e'^ t^ = (1 - Vt^~^ ••• ^5.4) 
the following aoproximation may be obtained 
KD^ = Vt/(1- TVt) ... (5.5) 
h^D^j^ - ^ y. ... (5.6) 
where f~is a parameter taking values in [0,1] 
Substituting from equations (5.5) and (5.6) into equation 
(5.2), the following equation after little manipulation has 
been obtained 
-2, 
k ' 1 h^ *' 1 
Vt U""^ ^ = A ^--- (1 - fVt) U"-^ ^ + B 
2, 
h^ 1 • 1 
= A ---- [ d - p U*^ *^  + Y\}^_ 3 + B ..(5.7) 
A number of schemes may be used to solve the equation 
(5.7). Some of them are discussed below: 
5.1 Explicit Scheme 
Choosing p=1i the equation (5.7) reduces to 
k ^ 1 h2 <5 1 
which may be written as 
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U n+1 _ u" + i~{U" - 2 U" + U" ) + BK 
1+1 1 1-1 
(5.8) 
where V- = AK/h^ 
which is an exolicit scheme of order of accuracy O (k-t-h'^ ). in 
this scheme each value of U at (n+1) " level is explicitly 
expressed in terms of three values of U at nth level as shown 
be1ow: 
I-
n+1 
n 
• / • • / • • \ 
- i r 
1 
i-a 
- ( 1 - 2 i - ) 
1 1+1 
U=Bk 
• / 
Knowing the initial values (at t=0). U at 1st level (i.e. 
t=k) can be solved. Having computed the solution at 1st 
level (i.e. U^  , 1=0, 1,2, L), the solution U^ --,, 1=0, 
1 
1,...,L at 2nd level (t=2k) can be obtained. Thus the 
solution may be easily obtained for n=1,2,3 in a step by 
step manner. Inspite of its simplicity, the method suffers 
from a serious drawback. Using Von Neumann stability analysis 
it can be shown that the scheme is stable only if 0 < r i 
1/2. If f >l/2, then the scheme becomes unstable and the 
errors in the solution grow and overtake the true solution. 
Thus and consequently K = )^ h^ /A must be kept very small, 
especially if A is large. For exeunple, if h = 1/50, A=20, 
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then K 1 10~ . Thus at least 10^ steos are required to obtain 
the solution for t=1 sec. Due to this reason this scheme has 
not been used and it is preferred to use implicit scheme 
which is discussed below. 
5.2 Implicit Scheme 
Choosing T'^- ^^^ equation (5.7) reduces to 
_ _, ,,n+t 
Vt ^ 
k 1 
•Z J X U"*^ •»- B 
r ** 1 
which may also be expressed a$ 
U n+1 _ 
[ V-(u"'^ ^ + 0""^^ + U" + BK] 
1+1 1-1 1 
(1+2 IT ) 
.. . (5.9) 
where Ir = AK/h^ 
This scheme is a two-level 4-point implicit scheme of order 
of accuracy 0(k+h^) and unconditionally stable (i.e. stable 
for all ^>0). In this scheme three values of U at (n+l)^*^ 
level are expressed in terms of one value of U at nth level 
as shown below: 
/-
n+1 
n 
-r-
•/-
\-
1-1 
1+2^ 
-1 
1 
• / • 
- r 
• \ 
U-Bk 
1 + 1 
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Thus u""*"^  i s not e x p l i c i t l y expressed i n terms of the 
1 
values of U at nth l e v e l . Applying scheme (5.9) at various 
D o i n t s by t a k i n g 1 = 1 , 2 , . . . L - 1 , a system o f L-1 l i n e a r 
equations in u" ' ' ' ^ u""'"^ . . , . u""*"^  have been obtained. Thus 
1 2 L-1 
i f the s o l u t i o n at nth leve l i s known, the s o l u t i o n a t 
(n+1)th leve l can be computed by s o l v i n g an ( L - 1 ) x ( L - 1 ) 
Linear system. Thus the s o l u t i o n may be ob ta ined f o r 
n=1 ,2 ,3 . . . . in a step by step manner. Qauss-Seidel i t e r a t i v e 
method have been used f o r solv ing the l i near system at each 
s t e p . The method i s q u i t ^ s imo le and convergence i s 
g u a r a n t e e d , s i n c e t h e system d i a g o n a l l y dominant i . e . 
magnitude of the diagonal element of the coe f f i c i en t matr ix 
exceeds the sum of the magnitudes of the rest of the elements 
in each row. The i t e r a t i o n is s tar ted by using the values 
o b t a i n e d f rom t h e e x p l i c i t scheme ( 5 . 8 ) as i n i t i a l 
approximation. 
CHAPTER-6 
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CHAPTER 6 
DEVELOPMENT OF QUANTITATIVE MODELS FOR 
DIFFUSION IN SILICON BULK 
On the basis of studies made -n earlier chaoters it can 
be concluded that boron diffusion n^ silicon bulk oroduces 
many anomalous effects. A number of useful models prooosed by 
various workers to explain these anomalies have been 
selected. An attempt has been made to develop algorithms and 
computer models for them. The salient features of these 
models are first presented. 
6.1 Anomalies in Boron Diffusion into Silicon 
Both the n-type ad p-type imourities when diffused in 
silicon show anomalies of various orders. The reasons are 
many. Boron, being an almost universal p-type dopant source, 
is no exception in regard to these anomalies. The anomalous 
effects observed here are concentration dependent diffusion 
coefficient, orientation dependent diffusion under oxidising 
conditions and retarded or accelerated diffusion in the 
presence of n-type impurities. To explain this various models 
have been proposed. 
6.1.1. N.D. Thai Model 
The models proposed by Thai (26,27) are mathematical 
approach to Saadi et al (67) for theoretical explanation of 
enhanced diffusion problem. Saadi has proposed that when a 
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d i s l o c a t i o n m o v i n g i n i t s S I I D p l a n e p a s s e s t h r o u g h a 
d i s l o c a t i o n ' f o r e s t ' then i f the t r e e i s a t t r a c t i v e , the j og 
c r e a t e d by passage o f a t r e e w i l l p roduce an a p p r e c i a b l e 
number of vacanc ies . Th i s process i s s i m i l a r t o recombinat ion 
o f two d i s l o c a t i o n o f oppos i t e Burgers v e c t o r s and p a r a ' i e l 
g l i d e p lane wh ich can c r e a t e a row o f v a c a n c i e s , AS a 
consequence o f t h i s i t has been shown t h a t 
D(c) D = Fp . F.p . . . ( 6 . 1 - 1 ) 
where D(c) is the enhanced diffusion coefficient, D is the 
intrinsic diffusivity of boron in silicon, F_ is the 
enhancement factor due to plastic deformation and F^ is the 
enhancement factor due to tilt in electric field or the 
field enhancement factor. 
F^  = [l+C (C^ + 4n.j2l "•'/2 _, (6.1-2) 
where C is the concentration of acceptor atoms and n.j is the 
intrinsic concentration of charge carriers in the calculation 
of F, however discrepancies exist. Thai et al (26, 27) have 
calculated the value of Fp for Degenerate, semi degenerate and 
non degenerate, cases separately as presented below: 
Non Degenerate case 
Ff = 1+ {C (C-CB)2 + 4 n.2y^/2 _ (6.1-3) 
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where Cg is the bulk or background concentration of impurity 
atoms. 
Semi Degenerate Case 
F^  = 1+ CN^ , [ CN^ . (C-CQ) + 0.27 n^^] 
+ 4 ni^ [ H^^ - 0.27 N^ (C-CQ) """/^ 
+ 0.27 C [N^ . - 0.27 (C-Cg]'^'^^ (6.1-4) 
where N^^ is the effective density of states in the conduction 
band. The above equation is valid for the conduction C< 1.8 
Degenerate case . 
3 ^ ^ ^ 4/3 ^^"^^^ 1/3 
• ]4/3 (C/Nc) [ 3^ /3 
4 Nc 
^ " 3 ( A )^ /2 (c-Cg . ., ^ 2 
[{ }^/^ { - - } * / ^ - (--—)^ /2 
4 Nc 6 
... (6.1-5) 
Where the symbols have their usual meanings. The above 
equation is valid for the condition C> 1.3 Nc. 
If Cg=0, the expression becomes the same?;%8.pi-opbsed tiy 
Schockley (68) 
6.1.2. Andersons and Gibbons Model 
In one of the most practical cases of diffusioh; where 
the surface concentration Cg >> Nj_, N^ j near the surface and 
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ni >> Cg, Nd at the leading edge of diffusion, then the 
diffusion is modelled as (33) 
^C -^ 2 c C 
,2^ ,,7l/2 
"-^ " = °i o ^^ ^"~ ^ ^ ^ )'^ +1}J^ ^ ... (6.1-6) 
OT "^x^ 2m 2m 
Where the symbols have their usual meaning and N^ j is the 
donar concentration. Equation (6.1-6) is valid only if the 
surface concentration of dopant atoms is larger than the 
intrinsic concentration. If the two concentration are 
comoarable or Cg<Ni, then equation (6.1-6) would not yield 
true equation of diffusion. 
6.1.3 S. Matsumato, Y. Ishikawa Model 
Matsumato et al (59) have applied the general equation 
of the diffusion- coefficient in the dual mechanism for 
arsenic, phosphorous and boron diffusion under oxidizing and 
under extrinsic conditions. They assumed that the impurities 
in silicon diffuse via both vacancies and silicon self 
interstitials as proposed by Hu (70). In such cases, the flux 
of impurity can be expressed by the superposition of vacancy 
and interstitialcy mechanism. 
The intrinsic diffusion coefficient of impurity D^ is 
given as (69) 
D"*" = Da + Djj ... (6.1-7) 
Where Dg^  and Dj^  are the diffusion coefficients of impurity 
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r e l a t e d t o vacancy and i n t e r s t i t i a l c y mechanism r e s p e c t i v e l y . 
G e n e r a l l y , t h e d i f f u s i o n c o e f f i c i e n t , D can be w r i t t e n as 
(69) 
0=0^ + Dj3 . . . ( 6 . 1 - 8 ) 
^vo ^ i o 
Where C^ and Cj are the concentrations of vacancy and silicon 
self interstitial resoectively and G^^ and C^^ are the 
concentrations of them at thermal equilibrium. If a fraction 
of interstitialcy mechanism is given by f, then 
D C^ Ci 
= (1-f) + f ... (6.1-9) 
D* C^o Cio 
Where f = Dj^/D* ... (6.1-10) 
It is rational to assume (71) that the dynamic 
equilibrium between vacancies and silicon self interstitials 
is established. That is 
Cy Ci = Cyo C^ ... (6.1-11) 
I t is essent ia l ly known that the negat ive ly charged 
vacancy c^~ is responsible fo r arsenic d i f f u s i o n whereas 
pos i t i ve ly charged vacancy C^^ is responsible f o r boron 
d i f fus ion under ine r t ambient in e x t r i n s i c cond i t ions , 
considering the Fernii lend ef fect , negatively and posit ively 
charged vacancy concentrations in ext r ins ic condition are 
expressed as (72). 
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n 
m 
P 
n 
C^" = C^^~ . . . ( 8 . 1 -12 ) 
^ v * = C ^ i * . . . ( 6 .1 -13 ) 
1 
Where C^^" and C^^"^ are the concen t ra t i ons o f C^" and C "^^  i n 
i n t r i n s i c c o n d i t i o n s , n and p a r e e l e c t r o n and h o l e 
concen t ra t i ons r e s p e c t i v e l y . I n a d d i t i o n t o t h i n F e r n i i lend 
e f f e c t , t h e e l e c t r i c f i e l d e n h a n c e m e n t e f f e c t i s a l s o 
inc luded i n i m p u r i t y d i f f u s i o n i n e x t r i n s i c c o n d i t i o n s . The 
f i e l d enhancement f a c t o r i s g iven by (72) 
h = 1 + [ 1+ (2 n ^ / c ) ^ ] " " ' / 2 __ (6 .1 -14 ) 
By substituting equation (6.1-12) and (6.1-13) into 
equation (6.1-9), we get 
D n n^  
— - = C (1-f) + f ~ ] h ... (6.1-15) 
D n^  n 
for arsenic diffusion. In the case of boron diffusion, n is 
replaced by p. For boron diffusion, the value of f is given 
by 
fg=860 Exp(-0.829/kT) 
where K is the Boltzmann constant. 
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6 .1 .4 Kim, Zhu, Kang and Shano Model 
Kim e t al (73) have c a r r i e d out the Boltzmann-Matano 
a n a l y s i s o f boron p r o f i l e s i n s i l i c o n d i f f u s e d f r o m t h e 
boron-excess f i l m and have determined an exoress ion f o r the 
boron d i f f u s i v i t y as f u n c t i o n o f l oca l c o n c e n t r a t i o n . Based 
on t h i s express ion , they have proposed a model which cons ider 
both e f f e c t s of t he charged monovacancy i m p u r i t y i n t e r a c t i o n 
and the i n t e r n a l e l e c t r i c f i e l d . 
The model proposed by them can be w r i t t e n i n one 
dimension form as 
0J2 = _ _ i ^ _ [D(<7() ] . . . ( 6 .1 -14 ) 
"^ t ^x " x^ 
where c<= C/2n^ i s a c o n c e n t r a t i o n f a c t o r , C i s t he l oca l 
c o n c e n t r a t i o n o f boron and n^ i s ' t h e i n t r i n s i c c a r r i e r 
concen t ra t i on a t the d i f f u s i o n temperature . 
D (cX) i s the c o n c e n t r a t i o n dependent d i f f u s i v i t y given 
as (73) 
1+p io^+y^^^ ) ^ 
D (o() = Di (1+ -J- ) . . . ( 6 . 1 - 1 5 ) 
Where S is the phenomenological coefficient, for boron its 
value is 19.0. D^ is the intrinsic diffusivity at the 
diffusion temperature. 
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6.1.5 Gaiseanu Model 
Gaiseanu (74) has applied Boltzmann Matano analysis to 
diffusion profiles of boron and has found linear variation 
1 ^ 
of diffusion coefficient in the concentration range (6x 10^-
2 X 10^^) atoms /cc. On this basis he has found that for this 
range of surface concentration, an approximate solution of 
the diffusion equation will be 
C C 
1-1.25 Y = 0.78 ( ) + 0.152 ( )^ ... (6.1-16) 
Co C^ 
X 
Where Y = 2(Dot)^/2 
and DQ = D (X=0), t is the diffusion time and x is the 
diffusion depth DQ is the diffusivity which varies linearly 
with C and is being calculated at the surface. 
6.2 Development of Algorithm 
A comprehensive program in FORTRAN has been written and 
run on VAX 11/780 VMS computing system. The following models 
have been taken up: 
1. Andersons and Gibbons 
2. R.B. Fair 
3. N.D. Thai-1 
4. Schockley 
5. Shaw and Welles 
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6. Kim, Zhu and Associates 
7. N.D. Thai-2 
8. Matsumato and Ishikawa 
9. Hu 
10. G. Gaiseanu. 
The p r o f i l e s may be o b t a i n e d f o r g i v e n p r o c e s s 
parameters f o r any o f the above models. The complete l i s t i n g 
i s g iven i n Appendix-A. 
CHAPTER-7 
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CHAPTER 7 
MODELLING OF BORON DIFFUSION THROUGH PATTERNED SILICON 
I n t he p r e c e d i n g c h a p t e r i t has been sugges ted t h a t 
most o f t he e x p e r i m e n t a l o b s e r v a t i o n s may be e x o l a i n e d 
q u a l i t a t i v e l y on the bas is o f the sur face d i f f u s i o n model by 
assuming a h igh s u r f a c e d i f f u s i o n c o e f f i c i e n t and a h i g h 
s o l u b i l i t y of boron i n s i l i c o n d i o x i d e . A q u a n t i t a t i v e study 
i s now made t o assess the c a p a b i l i t y o f the sur face d i f f u s i o n 
concept t o e x p l a i n the exper imenta l obse rva t i ons . I n i t i a l l y , 
a very s imple model i s assumed ( s e c t i o n 7 . 1 ) , sec t ions 7 .2 -
7.6 desc r ibe successive improvements t o the model. 
7.1 The Steady S ta te Surface D i f f u s i o n Model 
A s i m p l i f i e d s u r f a c e d i f f u s i o n model i s f i r s t 
c o n s i d e r e d . R e f e r r i n g t o f i g u r e 7 . 1 , t h e f o l l o w i n g 
assumptions are made: 
1 , I n t h e absence o f c o m p l e t e u n d e r s t a n d i n g o f b o r o n 
d e p o s i t i o n k i n e t i c s , t h e f l u x Fp o f b o r o n atoms 
a r r i v i n g a t the su r face o f wafer f rom the source per 
u n i t area per u n i t t ime i s cons idered t o be cons tan t . 
2 . The f l u x going i n t o s i l i c o n bu lk a t any p o i n t o f the 
sur face i s n e g l i g i b l e compared t o the l a t e r a l f l u x due 
t o sur face d i f f u s i o n . 
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3. A steady state condition is considered in which the 
surface diffusion flux at any point is equal to F^ 
4. It is assumed that the oxide is such a strong absorbent 
of boron that the boron surface concentration remains 
zero at the oxide edge. 
The surface diffusion may then be represented by the 
following equations: 
d^Cfx) 
D = -F ... (7.1-1) 
dX^ 
C( ± L) = 0 ... (7.1-2) 
where, 
C is the concentration per unit area of the surface 
Dg is the surface diffusion constant. 
X is the distance from the surface of the window 
2L is the window length 
The solution is given below: 
C(x) = ••- (L^-X^) ... (7.1-3) 
2Ds 
n ' 2_.2 
A parabolic d i s t r i b u t i o n is therefore obtained wi th zero 
sur face concen t ra t i on at the edges of ox ide and a 
concentration of F^L /2Dg at the centre of the window. 
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Thus, t h e c o n c e n t r a t i o n a t t h e c e n t r e o f t h e window 
i n c r e a s e s as t h e square o f t h e window w i d t h . T h i s wou ld 
p r e d i c t a l a rge v a r i a t i o n o f concen t ra t i on and have the sheet 
r es i s t ance w i t h a v a r i a t i o n i n the window w i d t h . 
A more mean ing fu l d i s t r i b u t i o n may be o b t a i n e d by 
assuming t h a t under s teady c o n d i t i o n s , a bo ron s u r f a c e 
c o n c e n t r a t i o n o f CQ i s m a i n t a i n e d a t t h e o x i d e edge . 
The equat ions t o be so lved would then be, 
/ C(x) 
OS ^—- = - F^ . . . ( 7 . 1 - 4 ) 
C (+L) = CQ . . . ( 7 . 1 - 5 ) 
and the solution would be 
C(x) = —-- (L^-X^) + r ... (7.1-5) 
2Ds 
The d i s t r i b u t i o n i s p l o t t e d i n f i g . 7 . 2 ( a ) and ( b ) f o r a 
smal l and a l a r g e window, the sur face c o n c e n t r a t i o n i n the 
m idd le p a r t o f t h e window w i l l be l i m i t e d by t h e s o l i d 
s o l u b i l i t y l i m i t , Cg^^ . 
The d iscrepancy between fgp and -^^^ may be exp la ined 
by t h i s model w i t h a proper s e l e c t i o n o f C^ and Dg. However, 
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many other effects, like the masking oxide frame width 
effect, the reduction of discrepancy with an increase in the 
total doping, etc. may not be explained by this model. Also, 
the assumption of steady state conditions does not look 
physically justifiable. A modification of the present model 
is therefore needed. 
7.2 Time Dependent Surface Diffusion Model 
The following modifications are made to the assumptions 
of the previous section. 
1. A time varying condition instead of a steady state 
situation is assumed. 
2. The surface diffusion is considered to take place both 
over the silicon window as well as the surrounding 
oxide, with the same surface diffusion coefficient. 
3. The boron is dissolved uniformly all over the oxide 
width up to a maximum concentration of CL atoms/cms . 
4. The rate at which the boron may be dissolved in oxide is 
proportional to the difference CL and the actual 
concentration of boron in the oxide. Thus, if the 
concentration of boron in the oxide at any instant of 
time 't' is Cox (t), the rate at which boron may be 
dissolved in the oxide is equal to G (CL-Cox(t)), where 
Q is the constant of proportionality. In the beginning 
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of diffusion, however, the boron surface concentration 
at the oxide will be zero until the above value becomes 
less than the total rate of arrival of boron atoms at 
the oxide. 
5. Because of a much greater solubility of boron in oxide 
the rate of boron reflected back from the oxide surface 
may be much smaller compared to that over silicon. 
6. The ideal two-dimensional diffusion corresponding to a 
single diffusion coefficient in the silicon bulk is 
assumed. 
Thus in the model described now, it has been assumed 
that in the beginning, the concentration at the oxide surface 
is maintained at zero, after sufficient doping of oxide, the 
concentration at the oxide surface starts building up. This 
is the basic difference in the model now described compared 
to the steady state model of section 7.1. 
Referring to figure 7.3 the equations to be solved are 
as follows: 
On silicon surface. 
•^ G^ (x,t) "^CCx.t) 
°s --<-o V = -''n "L <^ <+'- ...(7.2-1) 
dx^ ^t 
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On oxide surface. 
•^ e^ (x,t) "bCCx.t) 
^ x ^ "bt 
•F^+G(CL-Cox) L <x <L+2a 
... (7.2-2) 
C(L+,t) = C(L-,t) 
(L+.t) 
(7.2-3) 
. (7.2-4) 
( L- , t) 
Where, C is the concentration per cms of the surface 
F_ is the effective constant rate of arrival of boron 
2L is the width of the window 
2a is the width of the oxide frame 
If symmetry with respect to x=0 is assumed, then the 
interval 0 < x < L + a needs only be considered. 
The above equations are solved numerically using the 
Crank-Nicholson method (71). The variation of C with 
respect to time at any point in the window may be 
calculated. Using the variation of C, the profile of boron 
in the silicon bulk and hence the sheet resistivity may be 
obtained with the help of one-dimensional diffusion theory. 
The concentration of boron in silicon bulk is assumed to be 
limited by the solid solubility limit. 
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7.2.1 The Values of Different Parameters 
For surface diffusion studies, it is imoortant to know 
the adsorption kinetics of B2O3 over silicon ana silicon 
dioxide actually adsorbed and what is the residence time. 
Unfortunately, nothing is known about these Darar>eters. It 
may be assumed that the whole flux of B2O3 molecj'es sticks 
to the surface of silicon and is adsorbed there oerrnanent'y. 
However, the value of this flux at 890°C has been calculated 
to be 2.2 X 10 molecules/cm . This is a very high value 
considering the fact that after a 20 minute boron diffusion 
at 890*^C, on a large slice, the total number of boron atoms 
diffused in silicon is of the order of 4 x 10 atoms/cm . 
This suggests that the effective rate of boron entering into 
silicon should be much smaller than the value of the flux 
striking the silicon surface. 
The other possibility may therefore be to assume that 
the adsorption kinetics is such that the effective constant 
rate of arrival of B2O3 over silicon is much less than the 
value of flux obtained from the vapour pressure aata. For 
sample calculations, a value of 3 x 10 atoms/cm^/sec. is 
assumed. 
Similarly, nothing is known about Ds, G and CL and thus 
the values for these parameters are selected to provide a 
suitable fit to the experimentally observed results. 
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The calculations have been done, assuming a temperature 
of 890°C. The value of solid solubility limit of boron in 
silicon at this temperature is taken f75) to be 2 x 10^^ 
5 — 1 5 ? 
atoms/cm . A value of 2.9 x 10 cms /sec, is assumed for 
the diffusion coefficient of boron in silicon bulk. 
7.2.2 The Discrepancy between (^_ and Pg^ 
It is found that with F^ = 3 x 10^^ atoms/cm /sec. . 
reasonable values of Ds, G and CL may give the desired 
discrepancy between ^^- and fsf^- The effect of Ds over 
the discrepancy is found to be negligibly small. For any 
value of Q ranging from 0.001 to 1.0, it is possible to find 
a value of CL to give a discrepancy of about 29% in the 80 urn 
wide resistor. 
7.2.3 The window frame width and window width effects 
To study the window frame width effect, calculations 
are done with a window of 40 urn and the frgune widths of 4, 8, 
24, 60 and 100 jjm. For window-width effect, the resistor 
widths have been taken to be 12, 20, 40 and 80 jjm with a 
100 ^ im wide window frame. 
The results of numerical calculations with G = 0.25 per 
sec and CL = 1.9 x 10 atoms/cms are presented in table 7.1 
and the experimental and calculated results are 
shown in fig. 7.4. 
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Table 7.1 
Comparison of Calculated and Experimental Results 
Oxide Frame Width Effect Window Width Effect 
Window Width = 40um Oxide width = 100um 
Oxide fg^ (%) Window fg^ i%) 
Width Width 
Experimental Calculated Experimental Calculated 
4Mm 
8)jm 
28;jm 
60um 
lOOum 
119 .8 ± 2 . 2 
121.6 ± 2 .5 
122.7 ± 2 . 8 
124.5 ± 2 .5 
126 .2 ± 2 . 1 
102 .6 
104 .8 
111.7 
120 .9 
126 .5 
12um 
20jjm 
40;jm 
80Mm 
136 .0 
131 ,5 
126.2 
126 .8 
+ 
+ 
+ 
± 
2 .8 
3 .5 
2 .1 
2 . 9 
137.5 
133.6 
126.5 
118.3 
It is found that as the window frame width is 
increased, the value of calculated -Pg^ increases 
continuously at a much faster rate compared to experimental 
results. Also, the increase shows no sign of saturation as 
observed in experimental results. Similarly, in the window 
width effect, there is a continuous decrease in the value of 
Ri^ with an increase in the window width with no signs of 
saturation. It was not found possible to find a reasonable 
fit to the experimental points inspite of a large number of 
trial with different pareuneters. 
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7.3 The Increased Value of Flux over the Oxide 
Considering the results of section 7.2, the reason for 
a much larger and ever increasing value of calculated window 
frame width effect needs to be studied. In fact, in the 
beginning, before the surrounding oxide is sufficiently 
dooed, the concentration at the oxide edge remains zero and 
most of the boron goes into the oxide. Referring to figure 
7.5 the oxide thus receives boron in the following two ways: 
(i) direct from the gas phase at the rate of F 
atoms/cms /sec. 
(ii) from the silicon window through surface diffusion. 
n 
The rate of boron atoms crossing the oxide edge per 
unit length is equal to Ds 
^x 
j_j_. Since it has been 
assumed that this boron is absorbed uniformly all over the 
oxide width, the rate of arrival of boron into oxide from the 
Ds -^ C 
window would be ^^^, where 'a' is half of the 
a Bx ' ~ 
oxide width. Thus the total rate of boron, F^ arriving at the 
oxide is equal to. 
= F 
n 
Ds 
+ 
a 
"be 
ix X = L (7.3-1) 
Thus, the surface concentration of the oxide edge will 
start building up after a time "Tc" at which the following 
condition is obtained. 
Silicon 
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F^ > G (CL - Cox (t)) ... (7.3-2) 
The value of Tc will obviously depend upon the values 
of 'a' and Ds and would largely govern the value of 
Igj^ . In the case of window freune width variation, the value 
of 's' changes while in the case of window width variation 
the value of Ds — varies. It may be seen (2) that 
~bx 
the value of Ds is infact proportional to the width of 
^x 
the window (Ds - 1.1325 F_.L) and the value of 
• ^ x n' 
Ds •2>C 
the term is comparable to the value of F^. 
a "bx 
Thus, with a variation of 'a' or 'L' or both, there is a 
considerably large variation in the value of F^ , resulting 
in a large variation of Tc and hence f-^ j^ . Figure 7.6 (a) and 
(b) demonstrate it on the surface concentration versus time 
plot in the case of window frame width and window width 
effects respectively. 
One of the possible solutions to reduce the drastic 
sm variation of f^^^^ with L and a may be to msike the term 
Ds "^ C 
less significant in comparison with F_ so that the 
a ^x 
effects of L and a over Ft are reduced. This may be achieved 
by assuming that the effective rate of arrival of boron from 
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the gas phase over SiOg is greater than over silicon. This 
assumption may be physically justifiable. Because of a much 
greater solubility of boron in oxide, the rate of boron 
reflected back from the oxide surface may be much smaller 
compared to that over silicon. Hence, the effective rate of 
arrival of boron over SiO-^  may be assumed to be greater 
than Si. It has thus been assumed that the effective flux 
over SiOg is a factor HP times greater than over Si. 
7.4 The Results of Numerical Calculations with the Modified 
Program 
7.4.1. The Discrepemcy between fi_ emd P-
sp *"'" \8in 
As in Section 7.2, a suitable set of values of HP, G 
and CL may be used obtain the desired discrepancy between 
s^p and fs„ 
7.4.2. The Window Frame Width Effect 
The calculated variation of \sm with window fraune 
width may be adjusted to give a close agreement with 
experimental results by suitably choosing values of HP, Q 
and CL. The results with the following sets of values are 
plotted in figure 7.7. 
A) HP = 20, Ds = 10"'* cms^/sec. 
G =0.1 per sec, CL = 2.9 x 10^^ atoms/cms^ 
102 
B) HP = 75, Ds = 10 "^  cms^/ sec 
G = 0.001 per sec, CL = 3.3 x 10 atoms/cms^ 
C) HP = 150, Ds = 10"'* cms^/sec 
G = 0.001 CL = 6.5 X 10^^ cms^/sec 
7.4.3. The Window Width Effect 
With the same sets of values of various parameters as 
n 
in the preceding section, the variation of \^^ with window 
width is presented in figure 7.8. It is observed that the 
calculations show a very small variation of ^g^ with the 
window width and the results are not in agreement with the 
experimental observations. 
7.4.4 The 1 mm Window 
In the case of the 1 mm wide window, the calculated 
value of normalized {^g^  with the same parameters as those 
of set B in section 7.4.3 is 112.5%. The experimentally 
observed value is 106X, suggesting that the agreement is not 
good. However, in the calculations, it has been assumed that 
the total flux of boron is absorbed uniformly across the 
width of the surrounding masking oxide. (assumption no. 3, 
section 7.2). In this particular case, the width of 
surrounding oxide is 1000 pm and the assumption of uniform 
absorption does not look reasonable. A value of 40 >jm brings 
the calculated value to 105.4X, in agreement with the 
experimental value. 
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7.4.5. The Results on a Large Sheet 
The calculations were done for the case of a very wide 
window (10mm wide) to determine the variation of boron 
concentration with resoect to the oxide edge. A value of 
Ds = 10" cms /sec. gives only a very small variation of 
concentration with respect to the oxide edge. Higher values 
are therefore tried. The results with a value of 1.4- x 10 
cms /sec. and other parameters the same as set B of the 
preceding section are shown in figure 7.9. 
7.4.6 The Results with Oxide covered by Nitride 
In the experiment of Section 4.8.5 the silicon dioxide 
surface has been covered by silicon-nitride and the results 
show a discrepancy of 6.5X between (^_ and Pg^ ,- The oxide 
window wall, in this case, presents a small width for boron 
suckout and hence surface diffusion would still take place. 
The oxide thickness in these experiments was 0.3 )jm. The 
results of numerical calculations with the same parameters 
as those of set B in section 7.4.2 give a discrepancy of 7%. 
T.A.I The Results with Oxide Partially Covered with Nitride 
In section 4.8.6, it was observed that a small width of 
oxide {r^2 jjm) left uncovered by silicon nitride causes a 
discrepancy of about 12.5X between -|^ ^ and P^^ in the case 
of 80 pm resistor. The results of numerical calculations 
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with the parameters of set A in section 7.4.2. show a 
f^ „ value of 112.ax. 
7.4.8 The variation of Discrepancy with Time of Diffusion 
The results of numerical calculations and experimental 
observations with different diffusion times are plotted in 
figure 7.10. No agreement between theoretical and 
experimental results is observed. 
7.5 Modification of the Preliminary Model 
A large number of calculations were made with the 
developed computer model. It was observed that most of the 
results of calculations using this model were in agreement 
with the experimental results, if suitable values of 
parameters were chosen. However, it was found that the 
experimental results of the window width were not in 
agreement with the calculated results. Considering the causes 
of this disagreement, initially the total rate of arrival of 
boron over the oxide surface, F^ is given by (section 7.3) 
Pn ^ "P + %ide 
F^ X HP + 
Ds 
a 
x=L 
(7.4-1) 
F^ X HP + 1.135 F„ L/a (7.4-2) 
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Where Fg^^^ is the total rate of arrival of boron oer 
unit area of oxide from the silicon window through surface 
diffusion and depend upon L/a ratio. By assuming a higher 
value of HP, the second term of equation (7.4-2) has been 
made less significant in order to explain the window frame 
width effect. It is assumed that the total amount of boron 
arriving from the silicon window is uniformly absorbed across 
the whole oxide width. This assumption makes it difficult to 
satisfy the requirements for window width effect. In fact, 
for a window-frame width variation of 4 j^m to 100 jjm the L/a 
ratio varies from 10 to 0.4 causing a large variation in 
Fg^jjg. For a window width variation of 12 >4m to 80 jjm 
assuming a surrounding oxide frame of 100 jum, the i^/^ratio 
varies from 0.12 to 0.8. Thus the window width effect appears 
to be very small due to smaller values of Fs-jd©- This is 
mainly due to a large value of 'a' over which the surface 
diffusion flux is assumed to be distributed uniformly. 
One possible way to improve the model may be to assume 
a non uniform absorption of boron over the oxide. Referring 
to figure 7.11, it is conceivable that the boron diffusing 
from the window is first absorbed in the first small segment 
of the oxide width. After the first segment is sufficiently 
doped, the second segment starts receiving boron diffusing 
over the surface and so on. If the value of surface diffusion 
coefficient is assumed to be much smaller over oxide 
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comoared to silicon, the boron will not be able to diffuse 
across the whole width of oxide. This will explain the window 
frame effect. 
In the case of the window-width effect, the rate of 
boron coming from the silicon window to oxide will increase 
with an increase in the window width and hence the effective 
width over which the boron is observed will also increase 
though not necessarily in the same proportion. This may 
qualitatively explain the window width effect. It is 
therefore suggested that the model presented in the 
preceding section may be modified to take into account a 
non-uniform absorption of boron across the oxide surface 
along with different values of surface diffusion coefficients 
over silicon and oxide. This last assumption may be 
justified. Because of a high solubility of boron in oxide and 
perhaps due to chemical reactions taking place to form boro-
silicate glass, the absorbed BgOg molecules may not be as 
loosely bound over oxide as over silicon. This may justify a 
much lower value of surface diffusion coefficient over oxide 
compare to over silicon. Experimental evidence of the 
validity of this assumption is also available with the work 
of Huntley and Willougby (76). In a crude experiment it has 
been concluded that (i) rapid surface diffusion surface 
diffusion of gold on silicon takes place over the temperature 
range 800-1000®C, on both polished and lapped surfaces and 
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(ii) a thermal oxide layer on silicon surface inhibits this 
diffusion. From this it appears that in the case of boron 
over silicon, it is not unreasonable to assume a lower value 
of surface diffusion coefficient over oxide compared to over 
silicon. It is anticipated that with the above modification, 
the window width effect too may be explained quantitatively. 
One important point to be considered in this case is 
that at the start of diffusion, the flux of boron entering 
into silicon would be quite high due to a high concentration 
gradient in the bulk. Thus, initially the assumption of 
negligible flux in silicon bulk compared to the surface 
diffusion does not hold good. Therefore, the concentration at 
the silicon surface would not rise as rapidly as is predicted 
with comparatively smaller value of Dg (10 cm S/sec). Thus, 
it is possible that a value of Ds, around 10" cm s/sec may 
provide agreement between theoretical and experimental 
results, if a 2-dimensional case is considered. 
So far as the drive-in of boron is concerned, no 
calculations have been made from the predeposition profiles 
obtained with the surface diffusion model. 
7.6 Development of the Improved Model 
The new model incorporates the effects of non-uniform 
dissolution of boron over oxide ar)d unequal values of surface 
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diffusion coefficients over silicon and silicon dioxide. For 
the latter modification, the value of surface diffusion 
coefficient over silicon is assumed to be Dg, while over 
oxide it is assumed to be Dox. 
Referring to fig 7.12, the oxide width is assumed to 
consist of a large number of small segments e.g., 1,2,3 
Each receives two fluxes of boron, one coming vertically from 
the source and the other coming sideways from the left due to 
surface diffusion. In each segment the maximum rate of 
dissolution of boron is given as G (CL-Cox (n)), where G is a 
constant of prooortionality and CL is the solid solubility 
limit of boron, Cox (n) is the concentration of boron in the 
nth segment of oxide. Thus as long as the total flux of boron 
over the segment is smaller than the above rate, all the 
boron will be dissolved in oxide and the surface 
conceritration will remain zero. When concentration in the 
segment, Cox (n) rises to a sufficient level and the maximum 
rate of dissolution becomes smaller than the total flux of 
boron (normal and sideways), the oxide segment will accept 
boron only at the rate of Q (CL - Cox (n)) where as the 
remaining boron will pile up at the surface or will move 
sideways to the other segments. The whole mechanism may thus 
be explained as follows: 
Initially, all segments are empty and they ar« capable 
of accepting boron at the rate of G*HP. Thus at all segments 
113 
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the sur face c o n c e n t r a t i o n o f boron i s ze ro , the equat ions to 
be so lved a r e : 
Ds 
-CC(x , t ) >C ( x , t ) 
^ x ' ^ t n 
O < X < L 
C ( x , t ) = 0 0 < x < L + a 
( 7 . 6 - 1 ) 
( 7 . 6 - 2 ) 
The concentration builds up at the silicon surface 
while it remains zero at the oxide surface. Consider now, 
segment no.l of the oxide surface adjacent to silicon 
window. The segment receives boron in the following two ways: 
(i) direct from the source at the rate of Fp atoms/Sq.cm/sec 
(ii) from the silicon window due to surface diffusion at the 
rate of 
bx 
x=L 
The total rate of arrival of boron at segment no.1 will 
initially be less than the rate acceptable by the oxide 
segments. Thus the whole of the flux will be dissolved in 
segment no.1 and the surface concentration at all segments of 
oxide will remain zero. After certain interval of time, the 
maximum permissible rate of dissolution of boron in segment 
no.1 will become less than the total rate of arrival and the 
equations to be solved will become as follows: 
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D« " - - - = -F_ 0<X<L ... (7.6-3) 
y)^C (x,t) T^CCx.t) 
D«^ ------— - — = -F„ + G (CL-Cox (n)) 
ox ^.2 -^t ' " 
L < X < L+x n =1 . .(7.6-4) 
C(x,t) = 0 L + x <x< L +a ..(7.6-5) 
It may be noted here that the surface concentration at 
all segments of oxide except segment no.l will remain zero. 
In the same manner segment no.2 will now receive boron 
from the source as well as sideways from the segment no.l. 
The situation will continue until the maximum rate of 
dissolution of boron falls below the total flux at which 
point, the equation will change as follow: 
D_ = - F - 0<x<L . . . ( 7 . 6 - 6 ) 
^ ^x2 ^t " 
~\ C ')\ C 
Dox - - " r - - - - = Pn * <3 <CL-Cox ( n ) ) 
ox^ Ot 
L < X < L+2x n =1,2 .. (7.6-7) 
C(x,t) = 0 L + 2x <x< L +a .. (7.6-8) 
The process will continue till all the segments of 
oxide are filled up with boron and the equations will then 
take the following form: 
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De = -F- 0<x<L ... (7.6-9) 
Dox ----r - ---- = Fn -^  Q (CL-Cox (n)) 
L < X < L+a n =1,2 ...(7.6-10) 
7.7 Development of Algorithm 
Initially, as the silicon surface receives boron, the 
concentration at the surface build up while it remains zero 
at the oxide edge. At this stage the diffusion equation to be 
solved is given as 
DS = - Fn ... (7.7-1) 
^x2 ^t " 
The oxide width consists of a large number of small 
segments. Initially all the segments are empty and they are 
capable of accepting boron. Before the surrounding oxide is 
sufficiently doped, the concentration at the oxide edge 
remain zero. The oxide width receives boron at the rate of 
G(CL-Cox). As long as the total flux of boron over the oxide 
segment is smaller than the above rate, all boron will be 
dissolved in the oxide and the concentration at the surface 
remains zero. When the concentration in the oxide segment 
i.e. Cox rises to a sufficient level and the maximum rate of 
dissolution becomes smaller than the total flux of boron, the 
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oxide surface will acceot boron at the rate of G(CL-Cox) and 
the concentration at the surface will no longer be zero. At 
this stage the diffusion equation to be solved is given as: 
Ds ""2 = -^n ••• <7.7-2) 
^x^ ^t 
D„^ = F-, + Q (CL-Cox) ... (7.7-3) 
ox _ o ^ n 
?)x^ St 
The concentration at different point in the oxide 
segment depending uoon the rate of flux in segment and the 
boundary condition for the next time step have been 
calculated. The right hand boundary condition for the next 
time steo i.e. upto which segment the flux is going in fully 
has been obtained. Solid solubility limit has been applied 
and the profiles in depth at different points of the surface 
has been determined. The total concentration at different 
points over silicon window and sheet resistance have been 
calculated. The description of various subroutines are given 
below: 
1. SF1 - This subroutine calculated different common 
parameters at ones used in the program 
2. SF2 - This subroutine writes input data supplied to 
the program. 
3. SF3 - This subroutine writes the headings of no. of 
mesh points over Si and Si02 i.e. M and N 
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respectively, sheet resistance on large area 
i.e. ^_, sheet resistance in window i.e. 
gjj,, normalised sheet resistance i.e. -Pg^  and 
experimental results. 
4. SF4 - This subroutine determines the concentration 
at different points in S1O2 deoending upon the 
rate of flux in the segment and boundary 
condition for the next time steo. 
5. SF5 - This subroutine determines the right hand 
boundary for the next time step i.e. to 
determine upto which segment all the flux is 
going in fully. 
6. SFCONC - This subroutine obtains total concentration at 
different points over Si window. 
7. SFY - This subroutine obtains concentration Vs depth 
profile by diffusion equation with a given 
surface concentration as a function of time. 
8. SFRES - This subroutine calculate sheet resistance. 
9. SFRESL - This subroutine is to calculate sheet 
resistivity in large sheet. 
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10. SFR1 - This subroutine solve diffusion equation when 
the concentration at the boundary remains 
zero. 
11. SFR2 - This subroutine solve diffusion eauation when 
the concentration at the boundary does not 
remains zero. 
12. SFR3 - This subroutine uses various models for 
diffusion of boron in silicon and determine 
concentration Vs depth profiles. 
Flow chart of the main program is given in Appendix-B. 
Flow chart of the subroutine SF4 and SF5 are given in 
Apoendix-C and CI. Listing of the main program is given in 
Appendix-D. Listing of the subroutines SF1 , SF2, SF3, SF4, 
SF5, SFCONC, SFY, SFRES, SFRESL, SFR1 , SFR2 - are given 
in Appendices El, E2, E3, E4, F1, F2, F3, F4. G1, G2. G3. 
CHAPTER-8 
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CHAPTER 8 
SUMMARY CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 
8.1 Diffusion of Boron in plain silicon 
Simple one-dimensional theory was earlier used zo model 
diffusion of commonly used impurities in silicon. It has 
however been observed that the experimentally observed 
profiles seldom agree with the theoretically predicted ones 
for concentrations higher than intrinsic carrier 
concentrations. Many deviations and anomalies have been 
observed, reported and analyzed by several workers. In the 
case of diffusion of boron in plain silicon, these anomalies 
change the profile shapes drastically making the simple one 
dimensional theory unrealistic. The work of a large number 
of workers in the field has resulted in the presentation of 
a large number of models for diffusion of impurities in 
silicon. A thorough study of various models has been made. 
Some of the proposed models have been selected for detailed 
study and actual computer program for them have been written. 
It has further been observed that in the case of diffusion of 
boron through patterned silicon, the impurity diffusion is 
influenced by the presence of oxide surrounding a diffusion 
window and has been chosen for detailed study. 
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8.2 Diffusion of Boron into Silicon with Oxide Hasking 
The use of oxide masking is a key factor in the silicon 
semiconductor device fabrication. The purpose of oxide is to 
mask against the diffusion of various impurities, e.g. 
boron, phosphorous and arsenic, etc. Ideally, therefore, the 
oxide should not interfere with the diffusion of impurities 
into silicon. It was, however, observed experimentally that 
in the case of boron, the sheet resistance obtained from the 
measurements made on diffused resistors ( jani^' ^*® 
consistently greater than the sheet resistance measured on a 
large sheet with the help of the 4-point probe method 
{^ _ . The detailed study suggested that the observed 
discrepancy was not due to experimental errors associated 
with the measurements but was a real indication of a lower 
doping in the boron diffused resistors. It was therefore 
concluded that the presence of oxide surrounding the 
diffusion window affects the diffusion of boron into silicon. 
8-3 The Diffusion of Boron into Silicon with Nitride Hasking 
The use of silicon nitride as the mask against the 
diffusion of boron into silicon has also been studied. The 
results are summarised below: 
(1) The use of silicon nitride as the masking material in 
place of SiOg does not produce any discrepancy between 
l^ p and "Pg^  after boron deposition. 
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(2) A film of oxide on silicon nitride does produce a 
discrepancy between ^_ and f'^j^ after boron 
deposition. 
(3) If the surface of the masking oxide is covered by 
silicon nitride, the discrepancy after deposition 
reduces to a small value of about 6.535. 
(4) A small width of oxide left uncovered by nitride is 
enough to cause a discrepancy of about 14* between ^^^ 
a"d Psm-
(5) If the oxide is doped with boron, the discrepancy 
between Pg- and Pg^ after boron deposition disappears. 
On the basis of the results of the experiment 
performed, it is suggested that most of the experimental 
observations may be explained with the help of a theoretical 
model based on 'Surface-diffusion' of boron over silicon and 
silicon dioxide. 
8.4 The Surface Diffusion Model 
An attempt is made to present a theoretical model based 
on the surface diffusion of boron over silicon and silicon 
« 
dioxide. The model assumes a high solubility of boron in 
oxide and a high surface diffusion coefficient of boron over 
silicon. It is suggested due to high solubility of boron in 
oxide, the concentration over oxide surface is reduced which 
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results in a concentration gradient near the oxide edge. The 
surface diffusion of boron then takes place under the 
influence of this concentration gradient thereby removing 
some of the boron from the silicon window. 
In order to test the capability of the suggested theory 
to explain the experimental results, simple kinetics have 
been assumed to describe the mechanism involved. The 
required data are selected to provide a reasonable fit to the 
experimental results. 
Numerical calculations are made, initially, with a very 
simple steady - state model. The model , after a few 
successive improvements, is found to be capable of 
quantitatively explaining most of the experimental results. 
8.5 Suggestions for Future Work 
(1) A complete two or three dimensional model may be 
developed to consider surface diffusion and bulk 
diffusion simultaneously. 
(2) The profiles obtained from the theoretical analysis may 
further be analysed for drive-in with the help of the 
existing models. It would be interesting to see if the 
results agree with experimental observations. 
(3) Experimental work to extract various pareuneters eg. Ds, 
Dox, CL, F^, G, DB etc. 
APPENDICES 
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APPENDIX-A 
SUBROUTINE SFR3(MA.C0N-TEMP.TIME,DELX,DT,MS,CD,CB,YL, 
IDIFF,NI,CO,DKPTH,M,MB5 
I THIS SUBROUTINE USES VARIOUS MODELS FOR DIFFUSION OF BORON IN 
I SILICON AHD DETERMINES CONCENTRATION VS. DEPTH PROFILE, 
C SOFTWARE FOR THE SOLUTION OF DIFFUSION MODELS FOR 
C BORON DIFF5I0N IN SILICON 
C TIME IN SECONDSJDIFFUSIVITY IN MICRONS SOUARE/HOUR 
C DEPTH IN MICRONS.CONCENTRATION IN ATOMS/CC 
DIMENSION yi(500),Y(500,2) 
C 1,Y4(5),YC500,2).Y5C15) 
REAL NliNI STANDS FDR INTRINSIC CONCENTRATION 
C TIMBTIME/3600 'TIME IN HOURS 
C DTsDTl/36U0tTlME STEP SIZE IN HOURS 
C THE FOLLOWIFJG MODELS CAN BE SOLVED 
C ' 1-ANDERSON AND GIBBONS' 
C ' 2-R.B.FAIR' 
C ' 3-N.D.THAI-l' 
C ' 4-SCHOKLEY' 
C ' 5-SHAW AND WELLES' 
C ' 6-C. KIM,ZHU.AND ASSOCIATES' 
C ' 7-N.D,THAI-2' 
C ' 8-MATSUMOTO AND ISHIKAWA' 
C ' 9-Hu' 
C ' 10-GAISEANU' 
C 
DO 106 lal.MA 
106 y(I,n«Yl(I)/(2.*NI) 
Y(l,l)l»C0N/f2*Nl)lSURFACE CONCENTRATION NORMALISED 
Y(l,2)»C0N/(2*Nl)i5AME BUT FOR TIME STEP 2 
RQB.JIHESH PARAMETER FOR CALCULATIONS 
GO TO 191 
192 RQ«R0/2IMESH PARAMETER DECREASED WHEN REQUIRED 
191 DELTpRQ*(DELX**2)/DIFFI0ELT IS THE TIME STEP SIZE 
TaO.IT IS THE TIME STEP 
C X(l)aO,IX(I) IS THE STEP IN MICRONS 
RBDIFF*DELT/(DELX*«2)!R IS THE MESH RATIO 
NalFIX(DT/DELT+l)lN TOTAL NUMBER OF TIME STEPS REQUIRED 
IF(DELT,GT.(,10*DT))G0 TO 192 
NA«N«1 
Y(l,l)aC0U/(2*Nl)lSURFACE CONCENTRATION NORMALISED 
Y(l,2)sCDN/(2*Nl)!SAME BUT FOR TIME STEP 2 
f( O ; 
rCl a ; 
;0 TO(1010,1< GO TOClOlO,1020,1030,1040,1050,1060,1070-1080,1090)MS 
C SOLU OF PARTIAL DIFF EQN OF PARABOLIC TYPE FOR DIFFUSION 
MODEL OF BORON DIFFUSION IN SILICON PROPOSED BY 
J.F ANDERSON AND J,F,GIBBONS, 
IH6 DO 400 Jal,NA 
CONTINUE 
DO 500 ID»2,MA 
Y(ID,2)aR*(Fl(y(lD+l,l))-2*Fl(Y(ID.l))+Fl(Y(ID-l,l)))*Y(ID,l) 
IF((yCID.2).LE.Y(ID-i,23).AND.CY(ID,2).GE.O.))GO TO 500 
GO TO 192 
500 CONTINUE 
DO 600 IB2,?IA 
Y(l,l)ay(1.2) 
600 CONTINUE 
400 CONTINUE 
GO TO m 
C SOLUTION OF DIFFUSION MODEL BY R.B-FAIR 
1020 DO 401 Jal.HA 
CONTINUE 
DO 501 IDs?,MA 
YCID.2)8R»(F?(y(ID+l,l))-2*F2(Y(ID.l))+F2(YCID-l,l)))+Y(ID,l) 
nfHt?SA2).LE.y(ID-l,2)).AND.(Y(l6,2).GE,0.))GO TO 501 
^^^ GO TO 192 
'501 CONTINUE 
125 
DO 601 1=2,MA 
Y(I.n5YtI,2) 
601 CONTINUE 
401 CONTINUfc] 
GO TO Ul 
C SOLUTION OF DIFFUSIOM MODEL BY N,D,THAI-1 
C »»#»:)[* tf)t!»Kc«**i|rf*!|t***#»***** *•••*•••*•••••*••••»*••••••*•* »••••• 
1030 DO 402 Jsl.r'A 
CONTINUE 
DO 502 IDa2,MA 
Y(ID,2)»>YCID,n+R*C(F3(CD.Nl,Y(ID+l,l))+F3(CO,NI,Y(ID-l,n))/2. 
(ID+l,l)-Y(lD,l))-C(F3(CO,NI,YCID,l))+F3(CO,NI,Y(ID-l,l)5)/2. n*.(y(IDtl»l)-Y(lD,l)5!'C(F3(CO,NI,YCID,l))+F3(CO,NI,Y(ID-l,l)))/2.) 
AND,CY(ID,2),GE,0.))G0 TO 502 l*(YaD,n-Y(TD-Ul))*R IF((Y(lD,2),LE;;y(ID-l,2)). GO TO 192 
502 CONTINUE 
DO 60? Ia2,MA 
YCI,l)aY(I.2) 
602 CONTINUE 
402 CONTINUE 
GO TO 111 
C SOLUTION OF DIFFUSION MODEL BY SCHOCKLEY 
1040 CN»5.4El5»(TEMp**1.5) 
GONTINUC 
DO .403 J«1,NA 
COMTINUE 
DO 503 IDs2,MA 
¥CID,2)ay(ID,l)+R*((F4(C0,CD,CN.Nl,Y(ID+l,l))+F4(C0,CD,CN,NI,Y( 
lID-l,l)))/2, 
l)*(y(ID+l,l)-Y(TD»l))-C(F4(C0,CD,CN,NI,Y(ID,l))+F4(C0,CD,CN,NI,Y( 
lID-l,l)3)/2,) 
1*(Y(ID,1)-Y(ID-1,1))*R 
lFCCY(ini2).LE.Y(ID-l,2)).AMU.(Y(ID,2).GE.0.))GO TO 503 
GO TO 192 
503 CONTimiE 
DO 603 I«2,MA 
Y(I,l)aY(I»2) 
CONTINUE 
CONTINUE 
GO TO 111 
III 
C SOLUTION OF DIFFUSION MODEL BY SHAW AND WELLES 
'iOSO DO 404 JBI.NA 
CONTINUE 
DO 504 ID32,MA 
Y(ID,2)BY(ID,n+R»((F5(CB,CO,NI,Y(ID+l,l))+F5CCB,CO,NI,Y(ID-l,l 
l)*(Y<fD-H,l)-Y(lD,l))-((F5CCB,C0,NI,Y(ID,l))+F5(CB,C0,NI,Y(ID-l,l) 
n)/2.) 
i * ( Y a D , i ) - y ( i D - i . i ) ) » R 
IF((y(ID,2).LE.YClD-l,2)).AMD,(Y(ID,2),GE.0.))GO TO 504 
GO TO 192 
504 CONTINUE 
DO 604 Is2,MA 
Y(I.1)«Y(I,2) 
604 CONTINUE 
404 CONTINUE 
GO TO 111 
C SOLUTION OF DIFFUSION MODEL BY KIM & ASSOCIATES 
1060 BEB19 
DO 405 J=l,NA 
CONTINUE 
DO 505 ID=2.MA 
Y(ID,2)=Y(ir},l)+R*(CF6(BE,Y(ID+l,l))+F6(BE,Y(ID-l,l)))/2. 
126 
l)*(Y(ID+l,l)-Y(lD*l))-((f'6CBE,Y(ID,l))+F6(BE,y(ID-l,l)))/2,) 
l«CY(ID.l)-Y(ID-ui))*R 
IFC(Y(in,2).LE'Y(ID-l,2)).AND,(Y(ID,2).GE.0.))GO TO 505 
GO TO 192 
505 CONTINUE 
DO 605 Is2,i'A 
Y(I,naY(I,2) 
605 CONTINUE 
405 CONTIF«iUE 
GO TO 111 
C SOLUTION OF DIFFUSION MODEL BY N,D,THAI-2' 
1070 CNiB5,4E15»TEMP»*l.5 
DO 406 J=1,NA 
CONTINUE 
DO 506 IDa2,MA 
Y(ID.2)»Y(ID,l)+R*((F7(CN,CB,C0,NI,Y(ID+l,l))+F7(CN,CB,C0,NI, 
l)*(Y(iD+iJ})-Y(lD#l))-((F7(CN,CB,C0,NI,Y(ID,l))+F7(CN,CB,C0,NI, 
lY(ID-i,l)))/2. 
^'*ir((yjiDT2KLEH(ID-1.2)).AND,(Y(ID,2).GE.0.))GO TO 506 
GO TO 192 
506 CONTINUE 
DO 606 Is2,MA 
Y(I.l)aY(I,2) 
CONTINUE 
CONTINUE 
GO TO 111 
SOLUTION OF DIFFUSION MODEL BY MAEKAWA AND MATSUMATO 
i080 F«.96*EXP((-.193*1.6E-19)/tTEMP»1.38E-23)) 
DO 407 J=1,NA 
CONTINUE 
DO 507 IDB2,MA 
YClD,2)»Y(ID,l)*R*((F8(F.Y(ID+l,l))+F8fF,Y(ID-l,l)))/2, 
l)*(Y(ID*l,l)-Y(lD,l))-((F8CF,Y(ID,l))+F8(F,YCID-l.l)))/2,) 
l*(Y(ID,l)-Y(:iD-l.i))*R 
IF(Cy(ID.2).LE.Y(ID-l,2)).AND.(Y(ID,2).GE,0.))G0 TO 507 
GO TO 192 
507 CONTINUE 
DO 607 Is2.HA 
^ ^ YCI,l)sY(I,2) 
.6«7 CONTINUE 
407 CONTINUE 
GO TO 111 
8 SOLUTION OF DIFFUSION MODEL BY HU 
1090 DO 408 J=1,NA 
CONTINUE 
DO 508 ID=2,MA 
Y(ID,2)By(lD,n+R*(CF9CY(XD+l,n)+r9(Y(ID-l,l)))/2, 
l)*(Y(ID+l,l)-Y(lDfl))-((F9(Y(ID,l))+F9(YCID-l,l)5)/2.) 
l»(Y(ID,l)-Y(ID-Ul))*R 
IF((Y(IPj,2).LE.Y(ID-l,2)).AND.(Y(ID,2).GE.0.))GO TO 508 
GO TO 192 
508 CONTINUE 
DO 608 Is2,HA 
Y(I,n=Y(I,2) 
JOS CONTir'UE 08 CONTINUE 
GO TO 111 
FINAL CALCULATIONS COMMENCE HERE 
•THANK YOU N'O MORE INFORMATION REQUIRED NOW 
.U DO nil ILsl.MA 
Yl(IL)»y(IL,2)*2*NI 
s 
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nil CONTINUE 
C DO 800 IZ=2,WA 
C X(IZ)=X(IZ-U+nKLX 
C 800 CONTINUE 
? TIMaTI«<»60ITTMF RECONVERTED TO MIMUTES DT«DT*3600iStEP SIZE RECCMVEPTED TO SECONDS 
RETURN 
END 
SUBROUTINE TO EXECUTE LAGRANGE'S INTERPOLATION Q »»»:([:|,i(:*^ j>](c»**f^ *****»f**** •••••*•••••»•••••*•••*•»••••*•*••••• 
SUBROUTINE LAGRAN(N,AX,Y.Z,ADD 
DIMENSION AX(N),y(N),P(lOO) 
DO 9900 JB1,N 
DO 9900 lal.N 
IF(AX(J),E0.AX(I))GO TO 9900 
P(J)aP(J)»(Z-Ax(I))/(AXCJ)-AX(I)) 
9900 CONTINUE 
ADIaO. 
DO 9901 Kal,N 
ADIBV(K)*P(K)+ADI 
9901 CONTINUE 
RETURN 
END 
C CALCULATION OF THE FUNCTION 
FUNCTION Fl(ZZ) 
Fi#Z2*(ZZ+SQRT(ZZ**2+l)) 
RETURN 
END 
FUNCTION F2(ZZ) 
F2BZZ*»2 
CONTINUE 
RETURN 
END 
FUNCTION F3(C0.AN-ZZ) 
IFCZZ.LE.1.E-06)G0 TO 1011 
F3»C1+1/SQRT(U1/(ZZ**2)))*(((ZZ*2)*AN/C0)**2+1) 
CONTINUE 
1011 RETURN 
END 
FUNCTION F4CC0.CD,CN.AN,ZZ) 
IF(CD.EQ.0.)CDBI,E15 
F4a((ZZ*2»AN/C0)**2+l)*((3.14/6)»*,3333*(CD/CN)**,666+1) 
CONTINUE 
RETURN 
END. 
FUNCTION F5(CB.C0,AN,ZZ) 
IF(CB.E0,0.)CBB1E15 
F5a((2Z*2/C0*AN)**2+n*Cl+ZZ*2/SQRTC(ZZ*2-CB/AN)#*2 
1+4)) 
CONTINUE 
RETURN 
END 
FUNCTION F6(ZZ,BA) 
F6a(l+BA*CZZ-i-S0RT(ZZ**2 + l)) )/( (BA + 1 )*(1+ZZ/(S0RT(ZZ**2 + 1) ) ) ) 
CONTINUE 
RETURW 
END 
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FUNCTION F7(CN,CB,C0,AN,ZZ) 
CS«2*AN*ZZ 
F7al+((2/3*(3*f3.14**.5)/4)**(4/3))/(((3*(3.14)**,5/4) 
l**(4/3)*(ABS(CS-CB)/CN)**C4/3)-(3,14*»2/6))**.5)#(CS/CN)*(ABS(CS 
l-CB)/CM)**fl/3))*((CS/CO)**2+l) 
CONTINUE 
RETURN 
END 
FUNCTION Fe(F.zZ) 
IF(ZZ,LE.1E-06)G0 TO 1012 
F8«((1-F)»ZZ»2+F/(ZZ*2))•(!+(1+4/(2*ZZ)**2)**(-.5)) 
...^ IF(F8.<;T.10.)F8«10. 
1012 RETURN 
END 
FUNCTION F9{ZZ) 
IF(ZZ,LE.1.B-06)GO TQ 1013 
IF((2*ZZ),J.E.1.)G0 TO 1015 
F9«(l+(l+4/(2*ZZ)**2)**(,5)) 
1015 F9al. 
1013 RETURN 
END 
APPENDIX-B 
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( S t a r t ) 
- ^ 
R«>peat f o r d i f f e r e n t , cases 
V 
/ Read Data/ 
i 
Formulate equation 
common for all cases 
Set Time Steo 
; 
N 
NF 
s 
= Oxide 
no in 
Total no. 
Segment 
use 
of oxide 
segment 
Set NF = 0 
Yea 
Solve equation for 
zero cone, above 
oxide edge 
Yes <_ ^  
-/ Solve for both the window 
and the oxide regions 
No 
V 
Apply solid 
solubility Limit 
Determine concentration 
inside different oxide segments 
Determine the segment 
no. upto which oxide 
is filled and obtain the 
boundary condition for solution 
Increase time 
-e 
% ^ 
step I 
130 
/v 
'Convert surface concentration 
! into bulk concentration 
Determine profilesj 
Determine sheet 
resistance 
s/ 
Stop 
APPENDIX-C 
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SUBROUTINE SF4 
( START J 
•^^ 
AFL=F2+0.5 (FRi+FR2)/DX2 
NP=NF (K1) 
301 'L 
RFLrG* (CL-C0X(NP-t-1))| 
701 
< 
701 
702 
"TV 
C0X(NP+1)=C0X(NP+1)+BFL DT 
>/ 
v-
NP=NP+1 
DO 705 I=NP+2,N 
705 C0X(I)=C0X(I)+F2 DT 302 < 
CALL SF5 
100 CONTINUE 
RETURN 
I 
> 304 
WRITE NP 
303 
AFL=AFL-BFL+F2 
NF(K1)3NP 
SL. ^ 
w 
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APPENDIX-Cl 
SUBROUTINE SF5 
( START ^ 
\/ 
AFL = FR2/DX2 + F2 
201 
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APPENDIX-D 
DIMENSION CYC50l),CF(5OlljYJDC501).CLL(5On,CSL(501),SH(l,6), 
l,Nl,W2,sni,SN2lSHi,8fti.fpB,6xiDE,F2.Kl'LTl,COX(50l),FRl,Fft2 
2,CJ(50i,30n,NF(lSf),FX;flf,RR,RRl,O,Ol,RESL,D0X,AFL,BFL,XX 
READ(8,*)FN,CL.DS,D0X,DB,FK,HP,G,DY,CS0L,CBACK,TIME,LT,TEMP, 
IMS MSS CD 
DOXisUR^ACE DIFFUSION COEFFICIENT OVER OXIDE 
DSuSURFACE DIFFUSION COEFFICIENT OVER SILICION 
FNaEFFECTlVK NORMAL FLUX 
G«iPROPORTlO:;ALTTY CONSTANT 
CLaSOLIBIHTY LIMIT IN OXIDE 
CSOLBSOLIBILITY LIMIT IH SILICON 
DB«BULK DIFFUSION COEFFICIENT 
HP»N0RMALIZATl0N FACTOR 
FKaSURFACE TO BULK CONCENTRATION CONVERSION FACTOR 
DY«INCRE"!EMT IN Y-DIRECTION 
CBACKSBACKGROUND CONCENTRATION 
M.NANO.OF MESH POITS OVER SILICON AND OXIDE 
LTBNO.OF TIME INTERVALS 
flMEsflME OF DIFFUSION 
WIND»WIDTH OF WINDOW 
IIDTH OF OXIDE 
IND FOR BORON STRUCTURE 
iX NO. FOR DIFFERENT MODELS 
SNTRATION OF DONOR 
,--=JP I^^ DEPTH IN Cms 
ifWEP IN DEPTH IN MICRONS 
DYUDY*1.E4 
CALL 5F2 
DETERMlNATIOiM pi THE CASE OF A UNIFORM LARGE SHEET 
LT1=LT+1 
DT=TIME/LT 
DT IS THE TIME LENGTH IN SECONDS 
DO 1 1*1,LTl 
CLL(I)»FK*FN*(r-l)«DT 
CLL IS THE CONCENTRATION IN LARGE WINDOW 
IF(CLL(I)-CS0L)1,1,2 
CLL(r)»CS0L 
CONTINUE 
CALL SFY(CLL,TEMP,TIME,DY1,DT,MS,MSS,CBACK,CD,MA,CY,MY) 
DO 110 Jal, 1A 
PR0F(1,J)»J*1. 
DO 111 Jsl,MA 
PR0F(2,J)a(J-n*DYl 
DO 108 JaUMA 
PR0F(3,J)»CYCJ) 
CALL SFCONC(CY.MY,CFL,YJL) 
CALL SFRES(CFL.RESL) 
DETERMirMTION oF TOTAL CONC. IN LARGE SHEET COMPLETED 
CALL SF3 
WRITE(6,40) ! WRITE INPUT DATA IN A SEPERATE FILE. 
F0RMATC30X,'FIMAL RESULTS',//) 
WRITE(6,45) 'WRITE HEADING IN A SEPERATE FILE 
FORMATCIOX,'SHEET RESISTANCE VALUES ARE IN Ohm/Sq.Cm'/,lOX, 
165C•-*)./,1 OX.'WIND',iX,'OXIDE'J2X.'RES(4Pt,)•,25,'RES(WIND)' 
13X,'RES(.MORM)«,4X,*RESULTS',/,I6X,!5('->)) 
134 
RlrArj(!J,tvV; . , .1 r,,(jXIL)P,RJiSijLT5 
I 
r n 6 I = I , I' 1 
6 c j c i , n = ' ' . 
Frn=o. 
DO 7 J s J ,i-
7 C ' J X ( l ) = o . 
C l-F TS THP J^r.CnpMs .-.HICil ARb, FILLfTD. 
PC « H = ) .L" '^ 
17 CCr.'TIl Uh. 
r F l = K + \ F ( K ] ) 
X F ( ! . T ( K i n i a , 1 0 , 9 
18 i^ '^ITECS.ao) ' F ( K U 
36 FORf.AT(5X, ' . .F<0 Ai^ 'H IS iCCA'.f^L TO' ,13, "THEPF. IS SOME fRRflR') 
G'"' TO 4 3 
10 CCNTTt'ME 
I 
F P 2 = C J ( : ' - l , H 4 i ) * r j 5 / D x i 
C FH2 I S Thit S i n p LAYS FLUX. 
no TO 11 
9 C^^TINUE 
IFCiiFCKD-n )32.53,14 
12 CO"Tir"JE 
DO 1112 1 = 1 ,' 1 
1112 V(I)=0. 
DO 1001 1 = 1,' 1 
1001 n(i)=cj(i,'^.i) 
CALL SFM d'/^.CCj 
IH ((CC(f'0.LT.C,lC%Kl),UR,CC(NF1-J ) , LT . 0 ) , AUU. NF ( K 1 - U . EO, NF ( M ) ) 
iTHEr; 
CJ(I.K1+1)=LJ(I,KJ) 
19 C^ '^ 'lI^ llJf•: 
G'-" '10 20 
FLSE IF((CC('•j.fJ'r.CJ('^Kl).rR,CC(!JFl-n.LT.O).A^'D.NF(Kl-n,LT. 
1I'FCK1))THF' 
r)F(Kl) = ' F(M )-i 
r,v 10 17 E'T IF 
I 
DO 20 1 = 1 ,-\ i 
C*KI,K1+1)=CCCT) 
20 CONTIf'Ue 
no 21 I = r Fl + 1 ,M 
cJ(i,Ki+n=''. 
21 COr.TI'.'Ue 
1 
FK2 = CJ(IJFI-1 ,K1+1)*00X/DX2 
ro 22 l=i,.ir(;;i) 
mxc I )=Cnx( I)+f:*(CL-CQX( in *DT 
22 CO'TIKUH; 
c,a TC 11 
i 
13 C'T TI'JIJH: on 1 m r=i, '1 
1113 VCTlaO-
Du 1002 1=1,"1 
1002 ii(JjsCJ(I,<l ) I 
CALL SFK2(i;,'',rC) 
IF((CC(>-).i,i .C.U ';,Kn,n9. CCCf Fl-1), LT.O), AND. WF(K 1-1). EQ, MP CKD) 
UHEN 
44 
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!);) 44 T = 1 , "• 1 
C J ( I , ^ l + 1 ) = " J ^ T , < n 
GH I T 2 3 
ELSfc] IFCCCCi • ) . i . T . r j ( M , K n . n p . C C C ' F l - l ) . L T , 0 ) . A M n . K F ( K l - n . L T . 
1' P ' ( K U ) T H ' - : 
GO TO 17 
F ' D IK 
23 
I 
37 
t 
• 
24 
38 
i 
14 
25 
11 26 
• 
I 
• 
39 
27 
8 
i 
C 
I 
28 
I 
* 
C 
C 
I 
t 
c 
I 
30 
29 
I 
C 
c 
32 
109 
J 
C 
no 23 1 = 1,.^n 
uC 37 1 = 1 , ' 
COX CT)scC'X ( 1 ) 4 r , * ( r [ j - c n x ( I ) ) •DT 
Cur/TIr.UL 
I F ( C J ( . ' t , K i + i ) * P ' K - C S r ) [ . ) 3 9 , 2 4 , 2 4 
^i• ' (Kl + i . ^ = , . F ( K l ) + l 
G" t n 8 
M ( K l + 1 ) = i ' p - ( M ' ) 
GL TO 39 
n o 2 5 1 = 1 ,'-
C J ( I , K l + J ) = C S i ) i , / F K 
.N!F(Kl + l ) = r i F ( K n 
GO TO 8 
DO 26 lBWFi + A , . l l 
C J ( I , K l + l ) = ' i . 
C/iLL SF4 
F K 1 = F P 2 
D{J 8 1 = 1 , i 
T F ( C n X ( I ) - r i , ' ) M . R , 2 7 
CC!X(I)=CL 
CONTI^M;?: 
CCnVERT CJ'lCE"T'^ATIl1^J T N T Q t'Ch CC 
DO 28 J = 1 , L T 1 
nn 2 3 1 = 1 , ' ' 
C J ( I , J ) = C J C I , J ) * F K 
StiRFACF DlFF'JGri"^ ' C U ^ ' P L P I T F D 
APPLY SOLID '^ r ' . i . i .QiLi rv L I K I T 
DO 2 9 J s l , L T l 
DO 29 iBle'"' 
I F t CJ ( I , J 5 - C S ' . L ) 29 , 2« , 30 
C J ( I , J ) = C S ( ) L 
CONTI'^'llE 
D E T E R M I ' l M I D ' n'^ PKl lFILE I'^ DEPTH AT DIFFERKf^T P O I I M I S OF THE 
SUHFACE 
fj'. 31 T = l , ' 
;>L' 32 I I = I , L ; ' I 
C v S r c i D r c M f i , i r ) • ' ^TORFS SURFACE CCK, AS A FMNCTIOW OF T I M F . 
COMIloiJc. 
CAI L SFy(CSL, .-^F- P .Ti- iFJtYl , OT , MS , "^vSS , C8 ACK , CD , 'M , CY , MY) 
OK-np ( 1 + 3 , J ) = r v ( J ) 
Pf;nFILR: T i V - i j M C T I O l OBI'AIivKD 
c 
c 
I 
» 
1 
c 
31 
I 
• 
c 
c 
• 
c 
c 
I 
• 
c 
c 
c 
c 
! 
33 
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n'- VnTM Cnr 'C. /^ T DJFKtRE'iT PnirJTS OVER SILICON 
34 
I 
41 
I 
42 I 
§ 
1 
43 
CALL i J F c o . j c t r y . > Y , r p i ,y, jL j 
C F C D s C n IS'^ HMp- FI )AL TOTAL fO^virrf i RATinij JM OFPTH AT DIFFERR^T 
yjD(i)=yjL 
C"r TI'IUF 
DETERMIMATIU oF TOTAL CO^ lC[^ ^ TPATTON COMPLETFD 
Dr:TFRi''is','*Tn , nr S H E E T R E S I O T A M C F 
TCCfCsTOTAL CQf.CEwTRATION If »^IWDJ^ 
PESftsSHEFT W E S T S T I V I T Y IN WI(^ .i)OW 
RESLsSHLET we5;TSTIVITY IfJ LARGE AREA 
PE5^ 0P»'Brjnn AALfZEu SHEET RESISTIVITY 
TC0NC=(CF(l)+CF('O"»/2. 
DO 33 1=2,Ml 
TCONCaTCHNC+CPfI) 
TCONC=TCO'^iC»DXl •2./Ci.0E-4*-IlMD) 
CALL SFnESCTCnr'CRESV.") 
RESN0RM = 100.*RF.SW/RESL 
IF(IP,EO,3)TH^:M 
S H ( l , n = ( « I , i r ) 
S H ( 1 , 2 ) = 0 X I 0 F 
S H ( 1 , 3 ) = P E S L 
SH(1 . ' 1 )=RKS-
S W ( 1 , 5 ) = R i : S i > n ' ? M 
S H ( 1 , 6 ) = R K S J L T P 
E'.'OIF 
»<'HITE(5,34)rM , M , wI^JD, OX IDE, FF c)L,RFS^ , RESNORM .RESULTS 
F O R . ^ A T ( / , 4 X , 2 l 3 , F 5 . 1 , F 6 . 1 , F 1 0 , 5 , 3 F 1 2 . 5 , / , 6 5 ( * * * ) ) 
r F C I P . E Q , 5 )TH .^^ •( 
rtRITE(6,4l) 
F 0 R ^ A T ( 1 0 X , n 5 ( ' - ' ) ) 
Ef-IDIF 
WRITE (6, 42) •'I. in, OXTDE,PESL, PES >'', RES''ORM, RESULTS 
FUR;-.AX (/ , 9X , rb . 1, Ff'. 1 , Fl0 . 5 , 3F1 2, «5) 
cnrTiN(.iF 
WRI'fE(6,42)(Sr(f 1,TK),TK = 1,6) 
WRITE(ft,41) 
STOP 
E* D 
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APPENDIX - El 
Sl'BRnUTlKb: SFIITMIS SUBROUTINE CALCULATES F2,Ml ,M2,Nl ,N2,SN1 
I SN2,SHl,SH7.R,pl,FX,RR,RPl,rt,Ql 
I 
I 
CU^ 'fOl- Ff>;,CL,DS.DB,FK.HP,G,DY,CSOL,CBACK,TIME.LT,nT,W,Ml ,M2.N 
l,Nl.l-2,S^il,SN?,SHl ,SH?,WIND,UXIDE,F2.K1,LT1,C0X(501).FR1,FR2 
2,CJC501,3ni).NFCl51),FX,Fy,f?R,RPl,0,01,RESL,DOX,AFL,BFL,XX 
C START CALCULATION OF PARAMETiB^ RS 
I 
F2 = Ft.'*HP 
Mj=H+r. 
FXaFM*D1 
N2aNl-l 
MlnM-l 
M2ar+1 - . , 
5r'l = i.0E-4*wifJn/CMl*2) isui Is the length of intervals over 51. 
SN2S1.OE-1*OXIDE/(N*2) !Sf'2 Ts the length of intervals over SJ02 
SHl=st'l**2 
SH2aSN2**2 
RsDT/SHl 
R1=DT/5H? 
OsnS#DT/SHl 
01aDPX*DT/SH2 
RRsl.+2*0 
RRlal.+2*01 
RETURFJ 
END 
c 
c 
wRITECS, 
WRITE(5,32) IS 
'.vKITE(5,33^  nrjx 
WRITE(5, 24) D-> 
*'RITE(5,?5) FK 
WRITE(5,26) HP 
WRITEC5,27) r, 
WRITF(5,2fc;) JY. 
WRITE(5,21) CSnL 
WRITE(5,23) CbACK 
WRITE(5,30) TI.^ £ 
wRITE(5,29) LT 
21 F0RMAT(5X,'.SOLUBILITY LI^IT in SILICON CSOLa', ElO, 4 , 
1 'AtomS/Cu.Crr)') 
22 FCRriAT(5X,'3QL'JrtILITY LIMIT IN OXIDF CL=',R10,4, 
1 'AtOnns/Cu.Crn'J 
23 F0RMAT(5X,'BArK GR, CONCENTRATION C8ACK=',El 0,4, 
1 'Atoms/Cu.Cn') 
24 F0RHAT(5X,'F'ULK niFFUSIVITY DB=',E10,4, 
1 'Per Sn,c-'>'-i 
25 F0RMAT(5X,'SiJi?F Tu BULK CONC CONVER. FAC. FK=',E10,4) 
26 F0RMAT(5X,''nRMALIZATI0'i FACTOR HP=',E10,4) 
27 F0RMATC5X,'UXIr)E PROP. FACTOR Ga',E10,4) 
28 F0RMATC5X,'IJCR2AMENT IN Y DIRECTION DYa',E10.4) 
29 FORMATtSX,'JQ. OF TIME INTERVAL LTa',14,/) 
30 FORMATCSX^'T'I^F OF DIFFUSICM =',F7.l, 
1 Vln') 
31 F0R,-^AT(5X,'(EFFECTIVE NORMAL FLUX FNs'rElO.4, 
1 'Per So.ci./Sec') 
32 FOR^ATCSX,'SURFACE DtFFUSIVITY OVER SI Ds=',E10,4, 
\ 'Sq.Crr/Sec') 
33 FORftATCSX,'SURFACE OIFFUSIVITY OVER Si02 nox = ',E10,4, 
1 'Sa.Cr/sec') 
RbTURr: 
E'-'D 
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C • * • » • * * * * * * » * * * * * • APPENDIX-E3 
SL'BRCUTIff: CFi 
I 
C THIS SUt^RCDTIi'F WRITES THE VALUES QF NO-OF MESH POINTS OVER SIS, 
C SI02 I.e.- AfO N RFSPECTIVELY,SHEET RESISTANCE IN LARGE AREA l,e 
C RES(4PT.),Si!FFT RESISTAtJCE IK WINDOW 1,6, RES (WIND) .NORMALIZED 
C SHEET RfcSiS'rA%cli I.e. RES (WORM),EXP .RESULTS i.e. RESULTS 
V'RITE(5,33) 
^RITE(5,3+^ 
AFITE(5,3b) 
WPITF(5,37) 
ivRITE(5,iH) 
WRI'^E(5, '^^) 
ViaTF(5,Q7) 
33 FCRf"AT(5X,'' n. OF r'.FSH PCJfJ? OVER SI&Sin2 =M-N') 
34 FORf'AT(bX,' ItJTH Of WIMiO'i KOXIDE =WIND, OXIDE IN 
li'ICPnL'l 
35 FORfATCSy.'SKEFT RESISTANCE JM LARGE AREA sRESdPT,)') 
37 F0RMAT(5X,'SHFFT RESISTA'^JCE IN WINDHW sRESC^IND)') 
38 FCPWAT(5X,'i^ntu^ALIZED S M E F T RESISTAf C E = R E S ( N 0 R M ) ' ) 
39 F'JPf1AT(5X,'FXPFHI^'E''!TAr, RESULTS sEXP, RESULTS',/) 
97 FGPhAT(5X.'SHEET RESISTANCE VALUES ARE IN OMMS/SQ.CM') 
WRITE(5,99) 
99 FORHATCIX,let('-')) 
WRITE(5,«8) 
98 FURMATC/,5X,'ni ',) X ,'^" , 2X,'t.IND*. IX ,'OXIDE', 2X ,'RES (4PT.) ' 
J l,2X,'RFS(KIiJO')',2X,'HES(;iOHM)',2X,'RESULTS',/) 
WRITE(5,99) 
RETURK 
E'^-D 
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APPENDIX-E4 
1 THIS SllBRniiTi;JF3 DETERMIf'ES ( l ) T H E COf>iCENTRATION AT DIFFERENT 
I PUl'.'TS IW Sin? JF.PFiWTMG IJPOK' THE RATE OF FLUX IN THE SEGMF^T 
• A'.D C2)r-0U'iOKAY CO'JOITIUN FOP THE NKXT TIME STEP, 
I 
'.  )MiU'i!.->  iV I I     I  , 
CUhf-ON F i ^ i , C I ^ . 0 S , : 5 < i , F K , H P , G . l J Y , C S 0 L , C B A C K , T I M E , L T , D T , M , M l , 
l , ^ l , i ; 2 , S ; l l , S : ) 2 . S H l , S H 2 . W I f i n , 0 X I D E , F 2 . K l , L T l , C 0 X ( 5 0 1 ) , F R l 
2 , C J ( 5 0 1 , 3 0 1 ) , M F ( 1 5 1 ) , F X , F Y , R R , R R 1 » 0 , Q 1 , R E S L , D O X , A F L , B F L , 
A F T . s F ? + 0 . 5 * t F R 2 f F R l ) / 0 X 2 
,M1,M2,N 
* FR1,FR2 
— XX 
T.s 0. l 0X  
l\iP = riF(Kl) 
301 COWTir-UL 
RFL=G*(CL-C^IX(MP + 1 ) ) 
IF(AFL-HFL)701.701,702 
702 CnX(NP-f l)=C'iX(NP+l) + 8FL»DT 
MPsA.P+l 
IF(^iP-^i)3l)2,30^,3()4 
302 AFLsAFL-BFr+F? 
GO TO 301 
30 3 MF(Kl + l)=r:P 
GO TO 100 
304 v<)HITE(5,305)iV'P 
305 FGRMAT(5X,'.JP>.\I AilD IS EOHAL TO', 14 , 5X,'THERE IS SOME ERROR ... 
IBETTER CHECK TT FIRST') 
GO TO 100 
701 COXCNP+l)aCUX(rjP+l) + AFl,*nT 
DO 705 I=NP+2,N 
70S c o x ( i ) = c n x ( i ) + F 2 * n r 
NF3=NF(K1) 
CALL SF5(uF3,Np4) 
riF(Kl + l)=r!K4 
J 
100 co^ ;TI^ 'Ut: 
RETURN-
ENH 
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C 
Cn-.r,o.'> F ^ ,C!.,()'«;, DP, FK, HP, G,nY,CSOL,rBACK,TI ME, LT,DT,M,M1,M2,N 
1 ,rU,..2,5:.i1 ,S'?,SHt,SH2,WTN'n,OXIDE,F2,K1,LTJ ,COX(50l ) ,FR1 .FR2 
2,CJC5ni,3ul),\F(15n,P'X,FY,ftR,RRl.Q,Gj-ftESL,D0X,AFL,BFL,XX 
THIS SU4PL)l'TI'..p DETERMI.MtS THE RIGHT HAND BOUNDARY CONDITION . _ _ _ , _ .. FOR 
C THF MKXT TI IF! <;7EP i.e. TU DETPRMINF UPTO WHICH SEGMEMT ALL THE 
c FLUX IS QV'i ;G T'. F U L L Y . 
1 
AFL=F2 + Ft<2/;.X2 
201 CP'!TIMU5--
PFL=G* f CL-f'l.X ( MF3 + 1 ) ) 
IF(AFL-':FL')202.202,203 
203 fJF3 = MF3+l 
I K ( n r 3 - . 0 2 < ' 1 , 2 0 2 , 2 0 2 
204 AFL=AFLfF2->FL 
GO TO 201 
202 CQMIt-LIL 
NF4SMF3 
RETURN' 
E i i D 
i 
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APPENPIX-F2 
SUBROUTIf.t SFCor,C(Cy,NY,CFl,yjL)!THlS SUBROUTINE 
CbTAIf-»5 TOTAL CH^iC. AT DIFFFPENT POINTS OVER Si WINDOW, 
DIMENSIOf CV(50l) 
COMMO). FM,CL,Ds,DB,FK,HP-G,Dy,CS0L,CBACK,TI^«E,LT,DT,M,M^,M2,N 
l,lU,I.2,SM,S'i2,SHl.SH2,WlND,nXIDE,F2,Kl,LTl,C0X(501),FRl,Fft2 
2,CJ(5ni,301),NF(J5i),FX,FY,RR,RRl,0,6l,ftESL,DOX,AFL,BFL,XX 
Cy= PROFILF I*; Y-DIRECTICN AS A FUNCTION OF DEPTH 
C wyaNO. OF y-DlRECTION STEPS BEFORE BACKGROUND CONf, IS REACHED, 
C CFl sSTORES FIMAL TOTAL CCNC. ALO'^ JG Y-AXIS PER SO,CM 
C yJL= di;t:CTlCN DEPTH 
CFl=(Cy(l)+CY(MV))/2. 
VYlaNiY-l 
DO 176 KK=2,MY1 
176 CFl=CFl+Cy(KK5 
CFlaCFl+DY 
CFlBCFl-('''y-l)*CBACK*Dy 
yJLa(MY-l)*Dy*l.0E:4 
RFTURN 
END 
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SUFjRTlTI , : ,S ' ? i ' ( 'CSL, l£ 'T l - ' ,TI i* 'F ,L)El .X, r / r i , M S , M S S , C B , C D , ' ' ' A , A , 
T n i S rfJM-^cJ'"T p TS Tl ' n t i T A l " C f ' . C . Vg.DEPTH PRHFTbE AS A 
MY) 
I 
i Frj ' . 'CTliI ' i^ K 1 1 
Q t^^^llft****^l^ir 4 ***¥***^*>lf**** ********** *t'¥**^^'¥'(f*********'¥1^********* 
DI lEKGJfJ, AC5 • " ) , C S L r 3 ' ) n , Y 2 ( f ! ) , y i t b ) , X 3 ( 8 ) , Y 3 { R ) , X ' K 5 ) , 
RIAL I J I 
C T I . " . = T T . ' F / J 6 ' '• I ' l l ' . n IM HHIIPS 
Dr = DTl/*f^ *' : T I • ^ S'^PP S I Z F I t MftUPS 
c 
C r.T j s T l •;! "^  i r P I'-i HDhRS 
C OTl I S IX r s > P I - MirRC'if . 
c 
C ^^!$^ii^iicii**it-*'i.f*ti^*^**************** 
C LAO^A'liI^ T . I. -rr-^POLATinu ^'PTHop 
L-ATA A2/H/[ 7 A'-iC "^ HE tATA PnT'l-^ S FOR DIFFUSIVITY 
C X2 ARt TH;: -.': D'.'PATMRF,S FOR riPTUPiyiTV CALCULATTn^JS 
DATA X?/'"^ ')!., ^.yS'i.O 
1 , 1 O'jh , 0 , 1 vS'J, M , 1 1 •!'- . 0 , Jl "SO , o , 1 ?.)0 . 0 , 1 2 S 0 , 0/ 
If (i'SS.b'0.1 U)r< TO 170 
C Y2 A R E TH"-' C'^^rSP!) OJfJG HIFF H S T V I T I S FUR B - l O O 
DAr.A y2/«.^'-' i.2.52t£-03,7.7C-'-'l,.^'lfi,,09,,54,1.0«, J , & / 
C CATLING •''MF- SaP'^DCTINE .^ Hw 
CALL. LAGH'>>|( ,2 . X? , Y2 ,TLMP , DTh F) 
GO TO 171 
170 CONTINUE 
C Y2 ARE THr: , i r r l . S I V I T I f J S FCR 3 - 1 1 1 
DATA Y ? / ? . l ^ . ' ^ - ' > 3 , 5 . 4 e - C 3 . . 0 1 f i , . ! » 3 3 , . 1 0 8 , . 5 4 , l . O P , l , « / 
C CALLir>iG THE L'>(1'^  A IGti 'S SUBRnUTlNE t'>!Oi^  
CALL LAGKA^ (! .; . X2 , y2 , TEMP , f;!''F j 
171 COHTlNUb 
DATA r ; 3 / H / ! . 3 hHK THE DATA t'Lfr.'TS FT'P INTRI^'lSIC rn^CENTRATinM 
C X3 Af^e TMi: r r ' P E R A r u R f i s 
nATA X 3 / 9 ! ' 0 . " . Q 5 " , n , 
1 1 0 0 0 . 0 , 1 0 5 r , 0 , 1 1 0 0 . U , J 1 50 . C , 1 2 ' M . f), ] 2 5 0 . 0 / 
C Y3 ARE TM': rnqF i - :SPO ' iOI fG I f ' T R I i R I C C O N C E N T R A T i n " S 
nATA y 3 / 4 , 6 h l P , 5 , 6 E ) 8 , 
1 6 . 3 l i : i 8 , 7 . 2 E 1 P , H . Q r : i a , l . l F 1 9 , l . 2 F 1 ^ , 1 . 7 E i q / 
C CALLING THF S'JHRO-JTI ir; j r - ; 
CALL LAGP^fC i3 . X 3 , V3 . T F ^ P . ' . I ) 
DATA n 4 / 5 / l " A T ; . PfjI . iTS FGR PLAS^C FLO-v COfiCE ORATION 
C X4 ARE THK' 'i F'.pFRATiJRCG 
DATA X 4 / « b ' i , i , , i ( ' 0 0 . 0 , 1 1 0 0 , 0 , 
1 1 2 ( « 0 . O , 1 3 O u . ' i / 
C Y4 ARE THP' r,i,-;p^-:SPn iDTr'G PLASTY FLQl rOf-CFMTR/\Tinr'S 
DATA Y 4 / 3 . f . l - H . f t . C ) r i 9 , 
1 1 . 9 E 2 0 , 3 , O F 2 ' . , l . ' J f : 2 1 / 
C CALLIUG TtiE L'tnPA'.GE'S SUPROir-'I'^E I;iJ'/ 
CALL L A G P A ' G " ( r ' 4 , X 4 , Y 4 , T F ' ' P , r n ) 
C CALCULATIO ""F OEPT« FRDN Tr^i--
DEPTH = 3 , * ( f ' . . - ) c - ? o / i I ) * * , 5 ) * ( ( ! ) l F F * ' U M F / 3 6 0 0 ) » * , 5 ) 
'^=IFTXC^ EP'''.^ /.'Kux+1 )i TOTAI -O, nf DEPTH S T E P S R E Q U I R E D 
I'iAsrM-l 
1-6= 1/3 
DO 107 T = l, i's 
107 A(l)=a, 
DL) 900 T = l,f. n 
CSirCSLCI) 
900 CALL SFK3C"' ,Cq1 ,'fE <P1 T ,v1R , DEI X , DT , t^S ,CD ,CB, A , DIFF , NI, 
i c a , n F P r M , r , i . H ) 
M Y s 1 
50 I F ( A ( i ^ V J .L^- . r - . ) (^, -"o 51 
•••Yriiy+l 
G(J TO 5 " 
5 1 Cl t i ' f i r . i iF 
PETHR'^ 
E I [I 
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APPENDIX-F4 
SUBROUTli't; SFRpr<CrFl,RFSV ) l-^PIS SUBROUTIE CALCULATKS SHFET 
1 PFSISTAr.CE. 
C ti^*^^*********^ ****** 11**** ******^*********^***^i**$****^$*'^:^**t^$1f 
I 
t PMObsEFf ECTTVF '•OblLITY 
C OPafcCLFCiPl'taC CHARGE 
C RfiSVssSHEET JESlvSTIVITY IN WKJDOW 
C CFlsTCT/'L CCN'C. I?J THE WIMDOW ALONG Y-UIRECTION I
0 P = l . h E - 1 9 
RESl" = 3 . 0 / (wP*P^ 'OB*CFl ) 
PETURU 
Ef D 
1 4 5 
C • • * * • » • ? * * * * * * * * * • • • * • * * * * • /*PPENDIX-G1 
SURROUTI'Ji!: S«'Rf-:SLi(CF,Y.JD) 
DlMEfJSlL'W C F ( 5 0 l ) , Y j n ( 5 0 I ) 
1 / J1 , ! !2 ,S! !1 ,S i2,SMl ,Stl2,Wjr.,n n X i n E , F 2 , K l , L T l , C O X ( 5 0 i ) , F R l , F R 2 
2 , C J ( 5 0 1 . i 0 1 1 , N F ( 1 5 n , F X , F V , R R , R R l , 0 , 0 1 - R E S L , D a x , A F L , 8 F l . , X X 
C TrtTS S'JiSOUTI.JF I S TO CALCULATE SHEET RESISTIVITY I'J TjARGE 
C SiiHET w . r . t Af .JXIOE EDGE 
C J= oEuIAT, P J-MBER 
C CF1= THTrtL CQ-iC. IN THE LARGE SHEET 
C YJDDs JUiiCTini-J DEPTH I?'! THE LARGE SHEET 
C RESwI.s SHKET RFSISTIVITY IN THE LARGE WINDOW 
C RtSWNs r.0^ v''-ALlzED SHEET RESISTIVITY 
C RESLs SHFFT RESISTIVITY IM LARGE SHFRT 
C XXsDIST'UCP' FRP'I OXinE EDGE 
DO 10 J = 1 , t o 
CF1=CF(JJ) 
YJDOsYjnCJJ) 
CALL SFRES(CFl.REaWL) 
RESrtN=100,*KESwL/RESL 
XX=(J-l)*i;Xl*1.0E + 04 
JlsJ/2 
J2aJ-2*J3 
J3B(J+1)/2 
I F ( J 2 . E U , n T H E t J 
WRITE(5-40)J ,XX,CF1,YJDn,RESWL,RESWN,J3 
40 F O R M A T ( i x , I 2 . 2 x , F 7 . 1 , 2 E 1 5 . 5 , 4 X , 3 ( F 6 , 5 , 2 X ) ) 
ELSE 
WRITE(5,20)J,XX # CFl,YJDD,RESWL,RESWN 
20 FqRMAT(lX,T2.2x,F7.l,E15,5,El5.5,4X,2(F6,2,2X)) 
ENDIF 
10 CONTINUE 
RETURN 
END 
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APPENDIX-G2 
SUBROUTINF 5FP1 (U,V,CC)! THIS SUBROUTINE SOLVE THE PIFFI'SION 
J EUUATJO') ^n€K THE CONCENTRATION AT HCUNDARY REMAINS ZERO. 
DIME\'STCr< (j(25A),^(250),CC(250) 
COMMOr; FfJ,Cf.,b,<:,nR,FK,HP,G,Dy,CS0L,CPACK,TTWE,LT,DT,M,Ml,M2.N 
1, Ml,..'2,5^ 1,5? ?,S1!1 , SH?, V. 1 ^ 0, GX IDE, F2,K1,LT1, COX ( 501),FR1,FR2 
2,CJ(501,3Cn,'iFCl5n,FX,Fy,RP,RRl,U,6l,RFSL,DOX,AFL,PFL,XX 
C CALCniyAXIO- OVFK SILICOM 
r-L) 77 ITEKsl , 1 0 0 
V ( l ) = l O ' » ? * V f 2 U U ( I ) + F X ) / R ' ^ 
nn 16 I = ? , > - 1 
V C l ) s ( 0 * ( V ( I - H ) + V C I - l ) ) + L ' ( I ) 4 F X ) / P R 
16 COrJTI'vUF 
C CALCULATION-' OVFR OXIDE 
DU 77 T a l , \ F ( K i ) 
FYaFX*HP-G*UT*(CL-CaX(T)) 
V(M + I - l ) = C01*CV(M + I ) + V(M + I - 2 ) ) + U ( N ' + l - l ) + FY)/RRl 
77 C O ' J X I J U E 
DO 44 1 = 1,(-1 
44 CCCl)=V(l5 
RETUpn 
END 
C CALCIILATIUN OVP-tV SlLlCdT'- ' 
DU 77 I ' lFRs l . j O O 
V ( n s C G * ? * V ( 2 ) + U ( I ) + F X ) / P f v 
no 16 I = 2 , f / - 1 
V ( i ) = ( G * ( V ( l 4 n + V { I - l ) ) + L.(I)+FX)/F<P 
16 CONTT!UK 
C CALCI-'LATJON CVrR nXTOfi 
C * *#^%i»;#*4* )» : * t * * * f • • • • • 
DCi 17 I = l t f 'F"CM) 
Fyss tX*HP-G*f^T*cCI . -CnX(I ) ) 
V(V + I - l ) r ( 0 1 * ( v C ' ^ ' + I ) + V ( n + I - 2 ) ) + ' J ( ' ' + I - l ) + F y ) / P P l 
17 CO^'TIUU£ 
VCv + r, ) x ( Q l » ? * \ / f •' + ! i - l ) + I ' ( V + f O + F Y ) / R R l 
77 CO^.TIhUt. 
DO 44 1 = 1 , n i 
4 4 C C ( I ) = V ( I ) 
RETURU 
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